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Summary 
Water is an essential resource for maintaining the life of all living creatures on our 
planet. However, its shortage and pollution cause serious problems for millions of 
people in the world. Anthropogenic activities from the urbanization process, industry 
and agriculture are the main causes of pollution the water bodies such as ponds, lakes, 
rivers, groundwater and seawater. Polluted water has a remarkable effect on the 
disappearance of biodiversity in aquatic and degraded the quality of irrigation water for 
crops and drinking water for the human. The access of a wide variety of toxic and non-
biodegradable chemicals via food chain leads to various diseases if these substances are 
difficult to remove by the excretory organs and accumulated by the human body in the 
long period. Therefore, the control of contaminants in wastewater in the permissive 
concentration before discharging to water sources is the struggle for water conservation. 
In the process of treatment, the use of various hazardous reagents and solvents and 
the production of secondary pollutants can impact negatively on human health and the 
environment. Hence, the applications of sustainable and green chemistry in both 
products and process are the way to minimize environmental pollution. 
In this study, the removal of phosphate and boron towards the approach of green 
chemistry was introduced. In the first part, the removal of phosphate from aqueous 
solution by using the main constituents in the shells, the solid waste from aquaculture 
with the support of eco-friendly flocculants was investigated. We expect to provide a 
simple method with eco-friendly materials for phosphate removal that can be applied in 
Viet Nam. In the second part, the synthesis of non-toxic adsorbent from chitosan and 
chitosan nanofibers in the simple process was conducted for the separation of boron. 
Removal of phosphate from aqueous solution using natural dietary fibers and 
minerals (Chapter 1 to 2) 
The excess of phosphate from domestic, industrial and agricultural wastewater is the 
cause of eutrophication, resulting in the negative effects on aquatic ecosystem. However, 
the decrease in the amount of phosphate ore relates to the scarcity of fertilizer, and food 
supply in the future. The recovery of phosphate from wastewater to produce fertilizer is 
the solution that can reduce water pollution as well as contribute to the solution of 
phosphate shortage in agriculture. 
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In chapter 1, the general introduction of problems due to phosphorus element and its 
removal methods were discussed. 
Chapter 2 focused on the eco-friendly method for phosphate removal by using 
calcium oxide (CaO) and calcium hydroxide Ca(OH)2, the dominant constituents in 
calcined shells (crab, scallop, mussel, oyster and egg). CaO and Ca(OH)2 easily reacted 
with phosphate solution, and the precipitate formed after reaction could be applied as 
the fertilizer for plants. In the presence of the non-toxic flocculants of alginic acid, 
NaHCO3 and CaCl2.2H2O, the alginate gel was generated which enhanced the phosphate 
removal rate and the efficient separation of precipitate by filtration. 
Green synthesis and characterization of the novel multi-hydroxyl functionalized 
chitosan and chitosan nanofibers for removal of boron (Chapter 3 to 5) 
The overdose and long-term accumulation of boron involve adverse effects on the 
quality and quantity of plants and human health. Boron-selective adsorbents have been 
applied for boron separation from aqueous solution because of the high efficiency, 
simple operation and capability of water and wastewater treatment with large volume. 
Due to the possession of vis-diols, the boron-selective sites for boron removal, these 
adsorbents offer an effective interaction with boron.  
In chapter 3, the general introduction of properties of boron and its compounds, 
applications and environmental problems of boron and the review of boron-selective 
adsorbents were discussed. 
In chapter 4, gluconated chitosan (GChs) particles were synthesized in the facile 
process. Chitosan was selected as the substrate and functionalized with D-(+)- glucono 
- 1,5 lactone (GL) to provide vis-diols which is the boron-selective sections for boron 
removal. Adsorption isotherm of boron onto GChs was investigated in the range of 
initial boron concentration from 10 to 400 ppm at 115 oC for 24 h in the shaking 
condition. The adsorption kinetics was conducted at certain periods (0.5 - 24 h) with 400 
ppm of initial boron concentration at 25 oC under shaking. The effect of initial pH was 
investigated from 5.6 to 9.8 at 115 oC for 24 h under shaking. The effect of ionic strength 
was investigated in the range of NaCl between 0 and 1000 mmol/L with 400 ppm of 
initial boron concentration at 25 oC for 24 h. The availability, abundance, 
biodegradability, non-toxicity and low cost of chitosan and non-toxicity of D-(+)- 
x 
 
glucono - 1,5 lactone were the approaches to sustainable and green chemistry in the use 
of friendly environmental materials.  
In Chapter 5, in order to overcome the limitation of low porosity and surface area of 
chitosan flake, the novel of adsorbent, gluconated chitosan nanofibers (GChNFs) in the 
form of sponge were synthesized by grafting D-(+)- glucono - 1,5 lactone into chitosan 
nanofibers (ChNFs). Various parameters of reaction time, reaction temperature, pressure, 
the use of acid to dissolve ChNFs and the use of sodium hydroxide for neutralization 
were investigated in order to find the highest degree of gluconated units (DG%). 
GChNFs sponge prepared in pressure condition at 115 oC for 12 h had the DG% 
determined by colloidal titration 3.5 times higher than GChs particles prepared from 
chitosan flake in reflux condition at 115 oC for 24 h. ChNFs was capable of reacting 
with GL in the absence of acid, and the products were obtained without using sodium 
hydroxide. SEM images displayed the fiber structure in GChNFs, providing the large 
surface for enhanced boron adsorption. The achievement of ChNFs in the increase in 
surface area of adsorbent, the reduction in reagents utilization and the simple synthesis 
process introduced a promising material for the development of an eco-friendly method 
for boron removal. 
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1.1. The effect of phosphorus element excess on ecosystem 
Phosphorus (P) is a crucial element for the growth and reproduction of plants and is 
found in all living organisms. It is sorted as the main nutrient for crop production. P 
relates to a variety of principal functions in plants, including photosynthetic, energy 
transfer, storage and transportation of nutrient and genetic transfer [1]. However, the 
excess of P, nitrogen and other nutrients in water sources from agricultural activities, 
food and beverage factories and domestic wastewater accelerate the uptake of organic 
matters, especially algae. When the algae bloom happens, the level of dissolved oxygen 
is depleted, the photosynthetic process of biota in the bottom water layer is affected, and 
the poisons and bad odour are produced (Fig. 1.1) [2-4]. This phenomenon called 
eutrophication can break the ecosystem functions, leading to the death of various aquatic 
organisms as well as adverse effects on human health through the food chain. For this 
reason, the treatment of P element in the municipal wastewater treatment plants or in 
the wastewater of food industries before discharging to water bodies is the effort to 
protect water sources from pollution. 
 
Fig. 1.1. The effect of excessive nutrients in water sources on the ecosystem. 
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1.2. The shortage of phosphorus resource 
P is the important, limited and fixed resource which is decreased because of the 
development of P application and the decline in phosphate ore and rock reserves [5]. 
The scarcity of this element could result in a shortage in the fields of agriculture and 
food supply in the future. Thus, the focus of P recovery from wastewater and sludge for 
fertilizer production has received considerable research attention. The perspective of 
considering P in wastewater as the resource is the way to reach the sustainable P cycle. 
This solution helps to minimize the water pollution (eutrophication), recycle the waste 
(sludge) of wastewater treatment plants, decrease the disposal and treatment of the mass 
of sludge as well as supply the fertilizer resource for agriculture. 
 
Fig. 1.2. Schematic diagram of the global phosphorus cycle. 
(Reproduced from [6]) 
1.3. Methods for phosphorus removal  
Removal of P from wastewater is the beginning of its recovery. The most popular 
technologies including chemical precipitation, electrocoagulation (EC), membrane 
filtration, biological method and adsorption have been applied for P removal. This part 
provides a review of the principles of P removal from these methods and their 
advantages and disadvantages. 
 General introduction of phosphorus and its removal processes 
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1.3.1. Chemical precipitation 
The addition of aluminium (Al) or iron (Fe) salts into the phosphate solution could 
transform the phosphate ions to the insoluble state through chemical precipitation. The 
formation of the precipitate is conducted by (1) generation of a core solid nuclei, (2) the 
storage of the precipitate and (3) the development of precipitate [7]. The reaction 
between the phosphate solution and the variety of salts was given as follows: 
Al2(SO4)3. 14H2O + 2PO43- → 2AlPO4↓ + 3SO42- + 14H2O  (1.1) 
Fe2(SO4)3. 9H2O + 2PO43- → 2FePO4↓ + 3SO42- + 9H2O  (1.2) 
3FeSO4. 7H2O + 2PO43- → Fe3(PO4)2↓ + 3SO42- + 7H2O  (1.3) 
FeCl3 + H3PO4 → FePO4↓ + 3HCl     (1.4) 
The disadvantages of chemical precipitation method are the high energy consumption 
for operation, the large amount of chemicals and sludge management [8]. Moreover, the 
further application of sludge for fertilizer production is restricted because of containing 
various toxic metals for plants and vegetable [9]. 
1.3.2. Membrane filtration 
 
MF: microfiltration  UF: ultrafiltration 
   NF: nanofiltration  RO: reverse osmosis 
Fig. 1.3. Classification of membrane filtration. 
The capture of P by membrane filtration can obtain by solid-liquid separation [10]. 
Based on the pore sizes or molecular weight cut-off (MWCO), this method can be 
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classified into nanomembrane filtration or reverse osmosis membrane filtration [11] (Fig. 
1.3). Although these two kinds of filtration are the effective techniques for P separation, 
the process of operation has the high cost of energy, and the efficiency of phosphate 
removal significantly depends on the wastewater flux, the feed phosphorus 
concentration, pH and ionic strength [12]. 
1.3.3. Electrocoagulation (EC) 
EC technology operates on the base of in situ formation of coagulants of dissolved P 
from an aqueous solution by moving an electric current to the submerged electrodes in 
order to release the metal cations in the solution [13]. These metal cations can neutralize 
PO43- anions (negatively charged pollutant) to generate the polymeric metal hydroxides. 
The dispersed particles can agglomerate to create the coagulants. EC is considered to 
the green method for P removal due to the remarkable characteristics such as simple 
operation, short control time, less generation of sludge, negligible utilization of reagents 
which lead to the disappearance of secondary contaminants [14]. However, the efficacy 
of EC method is influenced by the kind of electrode, the size of electrode, the number 
of electrode, the material of electrode, the density of current and pH [15]. 
 
Fig. 1.4. The fundamental principle of EC process. 
(Reproduced from [16]) 
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1.3.4. Biological method 
Biological process for P removal is influenced by the ability of algae, organisms 
(activated sludge) and plants accumulating, converting and storing an amount of P into 
the cell. The main research fields of biological method focus on the enhanced biological 
phosphorus removal (EBPR) process and constructed wetland process. EBPR 
technology used in municipal wastewater treatment is based on the activity of activated 
sludge containing organisms accumulating polyphosphate in their cells. In the anaerobic 
condition, phosphate accumulating organisms (PAOs) can decompose their poly-P and 
form adenosine triphosphate (ATP), use this compound to consume volatile fatty acids 
(VFAs) and store VFAs as polyhydroxyalkanoates (PHAs) in the organism cells [17]. 
EBPR is an effective method for P removal and extensively applied in full-scale 
wastewater treatment plants. Nonetheless, the process is limited by the high energy 
consumption to maintain the multi-conditions including aerobic, anaerobic and anoxic [18]. 
 
Fig. 1.5. The fundamental operation of constructed wetland. 
(Reproduced from [19]) 
Another approach to drop P amount in wastewater is to apply constructed wetland. 
The designed system of vegetation as the biofilter, soil and gravel and other filter 
materials are indispensable constituents in the adsorption and filtration processes for 
separating nutrients (nitrogen and P), suspended solids, heavy metals, detergents and 
pesticides [20-23] (Fig. 1.5). The advantages of this method are bioenergy production, 
low technology and low cost of operation, maintenance and energy consumption [24-
26]. Nevertheless, the low P retention capacity, the large area for operation, the 
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dependence of climate conditions for vegetation have limited the application of 
constructed wetland system [19, 27, 28]. 
1.3.5. Adsorption method 
Adsorption technique has attracted more attention owing to the high performance, 
simple design, technical feasibility and inexpensive cost. Besides, phosphate-laden 
adsorbents can be used as the fertilizer for agricultural activities [29]. The numerous of 
adsorbents can categorized as (i) natural adsorbents such as calcite [30], apatite [31], 
bentonite [32], zeolite [33], sepiolite [34], pyrrhotite [35], peat [36] and shale [37], (ii) 
synthetic adsorbents including layered double hydroxides (LDHs) [38, 39], mesoporous 
materials [40], graphene supported materials and biopolymer materials [29] and (iii) 
wastes or by-products such as steelmaking slag [41], red mud [42], fly ash [43], and 
shells (crab, scallop, mussel, oyster and egg) [44-48].  
1.4. Alginate and their ability of gel formation 
Alginate is a polysaccharide consisting of mannuronic acid (mannuronate) (M) and 
guluronic acid (guluronate) (G) (Fig. 1.6). Alginate extracted from brown seaweeds as 
dietary fibers are used in medical and pharmaceutical application, food industry, 
cosmetic and water purification due to the non-toxicity and biodegradability [49-51]. 
When alginate is added to the solution containing divalent cations such as Ca2+, Ba2+ or 
Mg2+, sodium ions (Na+) can exchange these cations, then the gel is formed through the 
physical crosslink between one Ca2+ ion with four guluronic monomers [52, 53]. This 
chain arrangement is often called the “egg-box” model (Fig. 1.7). 
1.5. Conclusion 
This chapter offered an overview of the importance of P in the food supply and 
agricultural activities as well as water pollution because of the excess of this element in 
water sources. Chemical precipitation, electrocoagulation EC, membrane filtration, 
biological method and adsorption have been applied for P removal. Each method has 
both advantages and disadvantages. The recovery of P in wastewater is the objective for 
applying suitable methods. 
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Fig. 1.6. The structure of mannuronate (M) (a) and guluronate (G) (b) and types of 
alginate block (c). 
(Reproduced from [54]) 
 Chapter 1 
9 
 
 
Fig. 1.7. The “egg box” model of alginate gel. 
(Reproduced from [54]) 
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Abstract 
Excess of phosphate in water sources leads to the eutrophication which is the cause of 
water pollution, health issues and economic problems. In this study, we focused on the 
investigation of phosphate removal using calcium oxide (CaO) and calcium hydroxide 
Ca(OH)2, the dominant compounds in calcined shells. Hydroxylapatite Ca10(PO4)6(OH)2, 
the component of industrial fertilizer, was formed after precipitation process following 
the XRD results. The phosphate removal rate of samples filtered through 2.7 μm particle 
retention filter paper increased from 20% to 97% with the aid of flocculants of alginic 
acid, NaHCO3 and CaCl2.2H2O in the initial phosphate concentration as P 50 ppm, and 
this removal rate was roughly equivalent to the samples filtered through 0.2 μm 
membrane filter without flocculants (99%). This work provided the effectiveness of eco-
friendly flocculants in the separation of precipitates by filtration in the range of 
phosphate concentration from 20 to 120 ppm. 
Keywords: phosphate removal; eco-friendly treatment; calcined shell; alginate and 
flocculants. 
 
 
Fig. 2.1. Schematic diagram of phosphate removal using CaO and Ca(OH)2 with the 
aid of flocculants. 
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2.1. Introduction 
P plays a vital role in the growth and development of crops but the decrease in 
reserves of phosphate ore leads to the shortage of fertilizer and the problem of food 
security [55]. However, the enrichment of nutrients such as phosphate and nitrate from 
municipal, agricultural or industrial wastewater in water sources is the cause of 
eutrophication. This issue can threaten natural habitats, damage the biodiversity of the 
aquatic ecosystem and impact adversely on human health via the food chain [2, 56]. 
Hence, Environmental Quality Standard for water pollution (EQS) in Japan limits the 
total P lower than 0.1 ppm in rivers and lakes and lower than 0.02 - 0.09 ppm in coastal 
waters to control P concentration [57]. In order to preserve the quality of water sources, 
the management of P concentration in the limitation of standard is the challenges for 
wastewater treatment plants. The treatment of P by recycling this element in wastewater 
is regarded as a sustainable solution when the P from waste runoff turns to the products 
for agriculture and reduces the water pollution caused by eutrophication [58]. 
Numerous chemical, physical and biological methods have been developed for 
removal of P from aqueous solution [59]. The weakness of chemical precipitation is the 
large consumption of chemicals such as alum, lime and iron salts as well as the 
considerable production of sludge in the process of P removal [46]. Besides, the recycle 
of sludge for fertilizer is considered because the toxic elements are found in the sludge. 
The physical methods like membrane filtration, electrocoagulation have the high P 
removal rate, less use of chemicals and less production of sludge. However, high cost is 
the disadvantage of the large-scale application of these techniques [60]. The biological 
method using microorganism has a strict requirement of aerobic and anaerobic 
conditions. Hence, it is hard to maintain the stability of organism activities [61]. 
Adsorption technique with the natural adsorbents such as apatite, zeolite, bentonite or 
adsorbents from the waste such as steelmaking slag, red mud, fly ash, peat and shells 
(crab, scallop, mussel, oyster and egg) is getting more attention due to the high 
efficiency, simplicity, availability and low cost [62-64].  
Previous researches have reported that the calcined shells have been highlighted as 
the promising materials for P adsorption. Calcium carbonate (CaCO3) is the chief 
compound in the shells can be transformed into CaO by the thermal treatment [44]. In 
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addition, Ca(OH)2 is easily formed by the reaction with moisture in the atmosphere. The 
reactions are described as: 
                                                              heat 
Shells (CaCO3)                 CaO + CO2  (2.1) 
CaO + H2O   → Ca(OH)2    (2.2) 
Indeed, CaO and Ca(OH)2 are more active than CaCO3 because the solubility of CaO 
and Ca(OH)2 in solution is much higher than CaCO3 [65]. More significantly, the 
products after the reaction between calcined shells and phosphate solution are 
appropriate to be applied as the fertilizer.  
Alginate, also called alginic acid, is a block copolymer composed of mannuronic acid 
and guluronic acid. It is extracted from brown seaweeds and regarded as dietary fiber 
which [66]. Due to the non-toxic and biodegradable characteristics, alginate is used in 
food additives, toothpaste, cosmetics, medicines and water treatment [67]. In the 
presence of calcium, alginate will generate the gel via the crosslink between Ca2+ and 
guluronic monomers [68]. In particular, this characteristic of alginate has been applied 
in making the artificial fish egg [69]. 
In this work, capacity of phosphate removal using CaO and Ca(OH)2, the major 
components of shells calcinated at high temperatures, was investigated. Next, the 
mixture of non-toxic flocculants including alginic acid, NaHCO3 and CaCl2 was added 
to the solution in order to improve the removal efficiency of phosphate and increase the 
effective separation of precipitates by filtration. The characterization of precipitates 
collected by filtration was conducted by SEM and XRD. 
2.2. Experimental  
2.2.1. Materials and reagents 
All chemicals used were analytical grade and used without further treatment. The 
phosphate stock solution (PO43−) containing different P concentration was prepared by 
potassium dihydrogen phosphate (KH2PO4) purchased from Kanto, Japan. CaO, 
Ca(OH)2, sodium hydrogen carbonate (NaHCO3) and calcium chloride dihydrate 
(CaCl2.2H2O) were obtained from Kanto, Japan. Alginic acid was supplied from 
Trademark, Japan. All aqueous solutions were prepared using Mili-Q water from Direct-
Q UV3, Merck Millipore.  
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2.2.2. Precipitation studies 
First of all, 0.1 g of CaO or Ca(OH)2 was added to the polypropylene bottle (PP) 
containing 100 mL of phosphate solution with the different initial concentration of P 5, 
10, 20, 50, 100, 200, 500, and 1000 ppm. After shaking at 25 oC for 18 h in the water 
bath to reach the equilibrium state of the reaction, the samples were i, filtered through a 
Whatman 50 filter paper (2.7 μm particle retention) offered by International Ltd. 
Maidstone, England; ii, filtered through a 0.2 μm membrane filter (Omnipore 
hydrophilic PTFE) supplied by Merck Millipore Ltd, Ireland; iii, transferred to the 
beaker 200 mL. Next, the flocculants of alginic acid: NaHCO3: CaCl2.2H2O following 
the weight ratio (1: 0.3: 0.02) were poured into the solution that was then magnetically 
stirred for 5 minutes, settled for 10 minutes, and the supernatant was filtered through the 
Whatman 50 filter paper, 2.7 μm particle retention (Fig. 2.2). 
The phosphate concentration of the samples before and after precipitation experiment 
were examined by molybdenum blue method with ascorbic acid using UV/VIS/NIR 
Spectrophotometer V-570, Jasco, Japan [70]. The determination of phosphate 
concentration was conducted at 880 nm wavelength which corresponds to the maximum 
absorbance. 
The removal efficiency of phosphate (H) and the mass of adsorbed P per unit mass 
of material (qe) were determined by the following equation. 
100.
0
0
C
CC
H e
−
=    (%)  (2.3) 
V
M
CC
qe .
e0 −=  (mg/g) (2.4) 
Where C0 and Ce are the initial and equilibrium concentrations of phosphate (ppm), 
respectively, M is the mass of CaO or Ca(OH)2 (g) and V is the volume of sample (L).
 Removal of phosphate from aqueous solution using natural dietary fibers and minerals 
15 
 
 
 
Fig. 2.2. Three kinds of filtration.  
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Fig. 2.3. The set-up of phosphate removal experiment and characterization of samples.
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Fig. 2.4. The formation of molybdenum blue. 
2.2.3. SEM analysis 
SEM images of precipitates produced after the reaction between CaO or Ca(OH)2 
with phosphate solution at the different initial concentration were obtained by field 
emission scanning electron microscope (Hitachi S-4700 FE-SEM, Japan).  
2.2.4. X-ray diffraction analysis 
In order to identify the products formed by reaction between CaO or Ca(OH)2 and 
phosphate solution, XRD measurement using SmartLab X-ray Diffractometer (Rigaku, 
Japan) was conducted with CuKα radiation of wavelength λ = 1.5418 Å. The X-ray 
generator worked at a power of 45 kV and the current of 200 mA. XRD patterns were 
collected in the 2θ range of 10 to 90o using a continuous scanning speed of 40o min-1. 
The precipitates of samples after filtration was dried at room temperature, then was 
placed on the silicon sample holder for XRD analysis. 
2.2.5. Microscope 
The images of dispersion after precipitation process without filtration was captured 
by Keyence VHX-6000 Microscope, U.S.A. 
2.3. Results and discussion 
2.3.1. Capacity of phosphate removal using CaO and Ca(OH)2 with and without 
flocculants 
The removal rate of phosphate by CaO and Ca(OH)2 is given in Fig. 2.5. There was 
a slight difference of phosphate removal rate between the filtration through 2.7 μm filter 
paper with flocculants (3rd type) and the filtration through 0.2 μm membrane filter 
without flocculants (2nd type), and the removal rate of both two these cases was much 
higher than the filtration through 2.7 μm filter paper without flocculants (1st type) in the 
range of initial phosphate concentration from 20 to 100 ppm. It was assumed that 
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generated products were trapped easily in the 0.2 μm membrane filter, and the small size 
precipitates could pass through the 2.7 μm filter paper. Indeed, the highest phosphate 
efficiency removal of CaO and Ca(OH)2 by the filtration through 0.2 μm membrane 
filter (2nd type) and 2.7 μm filter paper with the addition of flocculants (3rd type) was 
99% and 97% in the phosphate solution of 50 ppm, respectively.  
The maximum phosphate removal capacity of CaO was 309 mg/g, whereas it made 
up 264 mg/g with Ca(OH)2 when the samples with the flocculants were filtered through 
2.7 μm filter paper (3rd type) at 500 ppm of initial phosphate concentration (Fig. 2.6). It 
was worth noting that the phosphate removal rate of CaO and Ca(OH)2 samples without 
flocculants at 50 ppm made up 19 and 20 % (1st type) were lower than that of the samples 
with flocculants in the case of 2.7 μm filter paper (3rd type). All results indicated that 
flocculants played an important role to combine the suspended precipitates in the 
solution to create the bigger size products for easier separation. 
2.3.2. Characterization of precipitates  
Fig. 2.7 shows the SEM images of precipitates after precipitation experiment 
collected by filtration. It can be seen that crystallites were only found in the case of 
initial phosphate concentration of 10 ppm. In addition, the images of dispersion without 
filtration observed under the microscope (Fig. 2.8) displayed the precipitates at 
phosphate concentration of 200 ppm were a spherical shape (10-100 μm) and were 
substantially larger than the samples of 10 and 50 ppm which were not able to determine 
particle size. The analysis of SEM and microscope of precipitates revealed that the 
crystallites generated at the phosphate concentration lower than 20 ppm, and precipitate 
microsphere formed at phosphate concentration higher than 120 ppm were easily filtered 
through 2.7 μm filter paper which made the phosphate removal rate over 80%. However, 
precipitates could pass through 2.7 μm filter paper because of the tiny size of the particle 
in the range of phosphate concentration from 20 to 120 ppm, resulting in the dramatic 
decrease in phosphate removal rate (approximately 20%). These results further proved 
that the effectiveness of flocculants presence for phosphate removal from 20 to 120 ppm. 
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Fig. 2.5. The removal rate of phosphate by CaO (a) and Ca (OH)2 (b) using different 
pore size of filter paper with and without flocculants.  
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Fig. 2.6. The capacity of phosphate removal of CaO (a) and Ca(OH)2 (b) using 
different pore size of filter paper with and without flocculants.  
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The XRD patterns of precipitates formed after the reaction between CaO or Ca(OH)2 
and phosphate solution are given in Fig. 2.9. Hydroxylapatite Ca10(PO4)6(OH)2, the main 
crystalline material was generated (Eq. 2.5). It was worth mentioning that 
hydroxylapatite can be applied as the fertilizer for agricultural activities [71].  
10Ca2+ + 6PO43- +2OH- → Ca10(PO4)6(OH)2↓  (2.5) 
When the mixture of alginic acid, NaHCO3, and CaCl2.2H2O was added to solution, 
regions of guluronic acid monomers in one molecule of alginate could easily link to 
others regions of guluronic acid monomers by Ca2+ ion [72]. The binding of the alginate 
chains created the junction zones, leading to the gel formation which was referred to the 
physical crosslink or connecting bridges [73]. The alginate gels with the high viscosity 
supported the combination of the suspended precipitates to become coarser; as a result, 
the phosphate removal rate with the addition of flocculants filtered through 2.7 μm 
particle retention (3rd type) was similar to membrane filter paper 0.2 μm without 
flocculants (2nd type). 
 
Fig. 2.7. SEM images of precipitate produced after the reaction between CaO or 
Ca(OH)2 and phosphate concentration at 10, 50 and 200 ppm (x50,000).  
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Fig. 2.8. Microscope images of dispersion. 
 
Fig. 2.9. XRD patterns of precipitates produced after CaO (a) and Ca(OH)2 (b) reacted 
with phosphate solution at 500 ppm. 
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Fig. 2.10. Schematic illustration of alginate gel formation in the presence  
of calcium cation. 
2.4. Conclusion 
The formed precipitates between CaO or Ca(OH)2 and phosphate solution at 50 ppm 
could pass through the 2.7 μm filter paper by filtration. When the flocculants of alginic 
acid: NaHCO3: CaCl2.2H2O with the weight ratio 1: 0.3: 0.02 was added, the phosphate 
removal rate of samples filtered via 2.7 μm filter paper rose dramatically from 20 to 
97%. It is interesting to compare the phosphate removal rate of samples filtered through 
0.2 μm membrane filter without flocculants which reached the highest level at 99%. The 
results suggested that the non-toxic flocculants of alginic, NaHCO3 and CaCl2.2H2O are 
effective for phosphate removal from 20 to 120 ppm. Besides, hydroxylapatite 
Ca10(PO4)6(OH)2 was formed after precipitation could be applied as fertilizer for plants. 
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General introduction of boron and its removal processes 
 
  
 General introduction of boron and its removal processes 
25 
 
3.1. Characteristics of boron and its compounds 
3.1.1. Basic chemical properties of boron 
Boron is a metalloid in group 13 of the periodic table. The chemical properties of 
boron are more similar to aluminium, carbon and silicone than elements of its own group 
[74]. Although the applications of boron compounds were recorded for centuries, it was 
first isolated as an element by Sir Humphry Davy in England in 1808. After Davy’s 
success, Joseph Louis Gay Lussac and Louis Jaques Thénard found a new method for 
separating boron from its compound. In 1892, French chemist, Henri Moissan created 
98% pure of boron [75]. Boron can be prepared in several allotropic forms including 
amorphous powder or crystalline forms such as α-rhombohedral, β-rhombohedral, α-
tetragonal, and β-tetragonal [76]. It is stressed that boron is hard to prepare in the high 
purity because of its high melting point. 
Boron is comprised of 8B, 10B, 11B, 12B, 13B isotopes. However, the most stable 
isotopes are the mass of 10 and 11 account for 20:80% ratio, leading to an atomic weight 
of 10.81g/mol [77]. The electron configuration of this element is 1s2 2s2 2p1, so boron 
can form three valence bonds. Boron has trivalent oxidation state +3 in its most common 
compounds such as oxides (e.g. B2O3), sulfides (e.g. B2S3) and nitrides (e.g. BN). The 
lower oxidation states +1, 0 or less than 0 exist only in compounds such as higher 
boranes like B5H9, subvalent halides like B4Cl4, metal borides like Ti2B or in some 
compounds containing multiple B-B bonds [78]. 
3.1.2. Sources of boron compounds in nature 
Boron is never found in nature as an element but always as complex compounds 
combining with oxygen and other elements as either boric acid (H3BO3) or its salts 
(borates). Economic borate deposits occurring in arid areas are extracted for industrial 
activities [79]. More than 200 mineral species containing boron are from surface deposits. 
Approximately 90% of them has commercial significance, and the remaining is considered 
to the potential minerals. The most extraction activities of borate mineral for commercial 
applications occur in Turkey, Peru, Chile, Kazakhstan, Argentina, China, Bolivia, The 
United States and Russia [80]. The list of borate minerals is shown in Table 3.1. 
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Table 3.1 Borate minerals for industry [79]. 
Mineral Formula B2O3 (wt%) 
Sassolite B(OH)3, or B2O3.3H2O 56.4 
Borax (Tincal) Na2B4O7.10H2O 36.5 
Tincalconite Na2B4O7.5H2O 48.8 
Kernite Na2B4O7.4H2O 51.0 
Ulexite NaCaB5O9.8H2O 43.0 
Probertite NaCaB5O9.5H2O 49.6 
Priceite (Pandermite) Ca4B10O19.7H2O 49.8 
Inyoite Ca2B6O11.13H2O 37.6 
Meyerhofferite Ca2B6O11.7H2O 46.7 
Colemanite Ca2B6O11.5H2O 50.8 
Hydroboracite CaMgB6O11.6H2O 50.5 
lnderborite CaMgB6O11.11H2O 41.5 
Kurnakovite Mg2B6O11.15H2O 37.3 
Inderite Mg2B6O11.15H2O 37.3 
Szaibelyite (Ascharite) Mg2B2O5.H2O 41.4 
Suanite Mg2B2O5 46.3 
Kotoite Mg3B2O6 36.5 
Pinnoite MgB2O4.3H2O 42.5 
Boracite (Strassfurite) Mg3B7O13Cl 62.2 
Datolite Ca2B2Si2O9.H2O 21.8 
Cahnite Ca2AsBO6.2H2O 11.7 
Danburite CaB2Si2O8 28.3 
Howlite Ca4Si2B10O235H2O 44.5 
Vonsenite (Paigeite) (Fe,Mg)2FeBO5 10.3 
Ludwigite (Fe,Mg)4Fe2B2O7 17.8 
Tunellite SrB6O10.4H2O 52.9 
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3.1.3. Distribution of boron in nature 
Principal stores and reservoirs of boron in the biosphere were reported as the 
continental and oceanic crusts, coal deposits, commercial borate deposits, biomass, ice, 
oceans, groundwater, surface water by Argust [81]. Boron in the environment relates 
entirely to major and minor environmental transformation. The mobility of boron in the 
environment is controlled by three chief cycles of atmosphere, terrestrial ecosystems 
and marine ecosystems. The cycle of boron is given in Fig. 3.1. The diverse inputs of 
boron to the atmosphere are attributed to the formation of sea salt aerosols, volcanic 
activities, coal combustion, biomass burning and industrial activities. Total of these 
sources accounted for 1.796 to 5.3 billion kg B/year [81]. The flow of boron transmitted 
to the atmosphere from the ocean is identified from 1.3 x 109 to 4.5 x 109 kg B/year by 
Argust [81], or 1.0 x 109 to 2.3 x 109 kg B/year by Park and Schlesinger [82]. It is 
noteworthy that boron in the form of gas, minerals and dust returns directly to the ocean 
or indirectly through passing through soil and drainage systems by wet deposition and 
dry deposition. Rainwater containing various boron concentrations is recorded in many 
regions [83, 84]. 
The average boron content in organic matters such as plants, aquatic life and animals 
estimates from 30 to 50 ppm [82]. There is a stable equilibrium of boron amount in the 
organic systems. Boron in the soil and water sources is absorbed by phytoplankton, 
plants and animals, and it will be returned to the atmosphere by biomass combustion 
(forest fires, biofuel burning, coal making, coal burning, and the combustion of 
agricultural residues), or majority is back into the soil and ocean as fossil fuel. The 
existing of boron in oil is substantially less popular than coal. Indeed, total global boron 
in oil constitutes 64,000 tonnes, but in coal reaches from 12.7 to 148.1 million tonnes 
[81].
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Fig. 3.1. The global boron cycle.  
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3.1.4. Chemical characteristics of boron in the environment 
The dominant form of boron in natural aqueous systems is due to the dissociation of 
boric acid in water. Boric acid is a kind of solid which can easily dissolve in water with 
a solubility of 55 g/L at 25 oC, and it is regarded as a weak Lewis acid [85]. Dissociation 
of boric acid is obtained by accepting hydroxyl ion to generate tetrahydroxyborate ion 
through the hydrolysis process: 
 pKa = 9.23 
Fig. 3.2. The dissociation of boric acid. 
The dissociation constant pKa (pKa = -logKa) of boric acid is found to be 9.23. This 
value is determined under the standard condition (i.e., at 20 oC, atmospheric pressure, 
and dilute solution). The actual pKa depends on certain conditions such as pH, ionic 
strength, pressure, and temperature. It was found that the actual pKa increased 
approximately 2 units when the pressure rose between 0 and 6 kbar (Fig. 3.3a). The 
relationship of pKa of boric acid and temperature was reported that there was a drop 
(roughly 0.3 unit) of pKa when the temperature increased between 283 and 323 K 
(Fig.3.3b) [74]. The actual pKa of boric acid rose from 8.60 to 9.23 when the salinity 
dropped from 40,000 to 0 ppm (Fig. 3.4) [86]. 
 
Fig. 3.3. The dissociation of boric acid as a function of temperature and pressure. 
(Reproduced from [74]) 
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Fig. 3.4. The mole fraction of boric acid as a function of salinity. 
(Reproduced from [86])  
3.1.5. Distribution of boron species in aqueous solution 
Boron is soluble in aqueous solution and variety of boron species are found in the 
form of boric acid or polyborate which depends on the concentration of boron and pH 
value. At low boron concentration (< 216 mg/L), soluble mononuclear boron species 
like B(OH)3 and [B(OH)4]- ion are successively formed. At higher concentration (> 290 
mg/L) combination of pH between 6 and 11, dissolved polyborate species are chiefly 
found as polynuclear ions such as B3O3(OH)4-, B4O5(OH)4- and B5O6(OH)4- [87]. In 
aqueous solution, B(OH)3 is capable of reacting with [B(OH)4]- ion to form a diversity 
of polyborate species in accordance with following serial equations [88]: 
B(OH)3 + H2O ⇌ [B(OH)4]-  + H+    (3.1) 
2B(OH)3 + [B(OH)4]-  ⇌ [B3O3(OH)4]- + 3H2O  (3.2) 
2B(OH)3 + 2[B(OH)4]-  ⇌ [B4O5(OH)4]2- + 5H2O (3.3) 
4B(OH)3 + [B(OH)4]-  ⇌ [B5O6(OH)4]- + 6H2O  (3.4) 
Summary of all the above equations: 
9B(OH)3 + 3[B(OH)4]-  ⇌ [B3O3(OH)4]- + [B4O5(OH)4]2- + B5O6(OH)4]-   + 13H2O + H+ 
(3.5) 
Boric acid + Monoborate (Tetrahydroxodoborate) ⇌ Triborate + Tetraborate + 
Pentaborate + Water 
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The distribution of boron species in various pH and structural formulas of polyborate 
are illustrated in Fig. 3.5 and Fig. 3.6, respectively. It is obvious that B(OH)3 is dominant 
at low pH (< 6), whereas various polyborate species preponderate in range of pH from 
6 to 10. However, [B(OH)4]-  ion exists mainly at higher pH (> 10).  
 
Fig. 3.5. Distribution of boron species in aqueous solution with total boron 
concentration CB = 0.7 M, ionic strength I = 0.1 M in different range of pH. 
(Reproduced from [89]) 
 
Fig. 3.6. Chemical structure of various polyborate species in aqueous solution [90]. 
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3.1.6. Complexation of boron with compounds containing multiple hydroxyl groups 
The formation of various borate complexes is attributed to the interaction of boric 
acid or borate ions with alcohols, polysaccharide and polyols, which containing multiple 
hydroxyl functional groups (-OH). Depending on the multiple hydroxyl groups orients 
suitable to fit structural parameters for tetrahedral boron coordination, strong stable 
borate complexes will be formed (Fig. 3.7). Thus, the stability of borate complexes 
significantly relies on the kind of polyols used. The formation of borate complexes 
relates to the dominant presence of boric acid or borate ion. The complexation process 
of boric acid or borate ion with polyols is shown in Fig. 3.8. The reaction constants of 
boric acid with a variety of diols and polyols are reported by previous research in Table 3.2. 
After reacting with hydroxyl groups to form borate complexes, boric acid releases 
protons which raises the acidity of boric acid and borate solution. The derived acids are 
much stronger than boric acid itself for direct titration with alkali hydroxide solution 
[91]. It should be noted that it is crucial to neutralize these protons for avoiding ester 
hydrolysis due to the acidic environment.  
 
Fig. 3.7 Scheme of borate esters and borate complexes [92]. 
 
Fig. 3.8. Scheme of borate complexes formation. (Reproduced from [93]) 
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Table 3.2 Equilibrium constants of the reaction of boric acid and different polyols [94]. 
Polyol K1 K2 
1,2-etanediol 2.15 1.15 
1,3-propanediol 1.27 0.11 
Glycerol 16.0 41.2 
Catechol 7.8 × 103 1.42 × 104 
D-mannitol 1.10 × 103 1.37 × 105 
D-glucose 1.50 × 103 7.60 × 103 
D-sorbitol  4.44 × 105 
D-ribose  1.57 × 107 
3.2. Applications and environmental problems of boron  
3.2.1. Applications of boron and its compounds and the sources of boron pollution 
Various of boron and its compounds are used in numerous commercial applications 
of glass, ceramic, abrasives, insulation, semiconductors, cleaning products, agriculture, 
chemical, cosmetics and pharmaceuticals [95]. Detail applications of boron and its 
compounds are shown in Table 3.3. Boron is naturally released into the environment by 
natural factors such as weathering of rocks, leaching of salt and volcanism. However, 
the most important sources are human activities such as the operation of borate mining, 
glass and ceramics manufacture, applications of agricultural chemicals and electricity 
generation using coal or oil, and these activities have caused soil, water and irrigation 
water contamination [87]. Although glass and ceramic amount to 80% of total borate 
consumption, these industries are not considered to the main sources of environmental 
pollution because boron is found immobile form in the manufacture of glass, ceramics 
and insulation [96]. In contrast, boron has high mobility and solubility in fertilizers, 
detergents, bleaching agents, antiseptic and wastes of coal combustion.  
In the coal-fired power station, coal is the main fuel for electricity generation, and 
coal combustion residuals (CCRs), also referred to the coal ash including fly ash, bottom 
ash, boiler slag, flue gas desulfurization material (FGD), and scrubber residues are 
generated from the combustion of coal, cleaning of gases stack or emission purification 
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system [97] (Fig. 3.9). CCRs are regarded as one of the largest industrial waste generated 
in the United States, which made up roughly 130 million tons in 2014 [98]. CCRs are 
recycled into products like concrete or wallboard; however, they are mainly stored in 
surface impoundment and landfills. It was reported that approximately 47% of CCR 
generated was reused, and 53% of the remaining was deposited in the lagoon and 
landfills in the U.S in 2014 [98]. During the time in the landfills and surface 
impoundment, many toxic elements are easily leached to the natural water system [99]. 
Boron has been suggested as a trace element that exceeding the drinking water standard 
of United States Environmental Protection Agency (USEPA) are the causes related to 
contaminated groundwater and surface water [100]. Previous studies have found that 
boron rapidly released from fly ash in aqueous solution because a large fraction of boron 
in fly ash is in the soluble form [101, 102]. Boron is highly mobile in water and not 
impacted by redox process even in the conditions with different pH and leaching kinetics 
[99, 103].  
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Fig. 3.9. Emission purification system in the coal-fired power station. Different stations use different technologies. 
(Reproduced from  [104])
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Table 3.3  Applications of boron and its compounds [105]. 
Fields of use Products 
Manufacture of glass 
Insulation fiberglass 
Fiberglass reinforcement 
Borosilicate glass 
Textile fiberglass 
Agriculture 
Fertilizers 
Insecticides 
Biocides 
Ceramic frits, enamels, glazes 
Ceramic glazes – tiles 
Tableware 
Sanitaryware 
Porcelain floor tile   
Stoneware 
Chemical manufacturing 
Boron derivatives 
- Refine boron products (boric acid, boron oxide, 
borax pentahydrate, borax decahydrate, 
anhydrous borax, dısodıum octaborate 
tetrahydrate) 
- Concentrated boron ores (ulexite, colemanite) 
Metallurgy 
Steel production  
Soldering 
Powder metallurgy 
Amorphous metals (metallic glasses) and alloys 
Magnets 
Adhesives and coatings Peptizing agent 
 Gelling agent 
Oil and gas chemicals Additives 
Detergents Cleaning agent 
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Fields of use Products 
Bleaching agent 
Cosmetics 
Soap 
Skin lotions 
Hair shampoos 
Cosmetic creams 
Bath salts 
Pharmaceuticals 
Denture cleaners 
Eye drops 
Cancer-fighting treatments 
Flame retardants 
Dry powder fire extinguishers 
Fire retardant emulsion paints 
Fire resistance in paper and cellulose insulation 
Wood preservative 
Charcoal briquettes 
Abrasives 
Saw blades 
Abrasive wheels 
Water jet cutting 
Corrosion inhibitors 
Fuel Cells Hydrogen source 
Metal plating pH adjustment 
Nuclear reactions 
Neutron screening 
Control nuclear reactions 
Photography Buffering agent to control pH 
Construction industry Gypsum 
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3.2.2. Effect of boron on plants 
Boron is an essential micronutrient for the growth and development of fruits and 
vegetables. The deficiency of this element involves the decrease in crop productivity 
and quality of products. It was suggested that boron plays a vital role in cell wall 
synthesis, maintenance of plasma membrane integrity and its function, metabolism of 
nucleic acid and protein synthesis, metabolism and transport of carbohydrate, 
metabolism of nitrogen, synthesis and metabolism of phenolic compounds, the 
formation of pollen tube, photosynthesis and enzymes interaction [106, 107]. The 
primary function of boron is to complex with many components of cell wall such as 
pectin, hemicellulose and lignin. Besides, boron relates to the stability of cell wall matrix 
by cis-diol groups and cell enlargement exhibited in the growth of leaf, elongation of 
the root and development of fruit and flower [108].  
However, when boron amount is higher than the demand for crops, boron toxicity can 
decline both crop yields and quality. Numerous data about the adverse effects of boron 
toxicity on plants have been reported.  Biochemical and physiological impacts of boron 
excess relate to the inhibition of shoot and root system growth, the damage of the 
photosynthesis process, the promotion of oxidative stress, the reduction of nitrogen 
metabolism and the carbohydrate metabolism, leading to the limitation of plant growth, 
decrease in quantity and quality of fruits [109]. The typically visible symptoms of boron 
toxicity are the leaf diseases (yellow, spot, dryness of leaves), the decay of unripe fruits 
and even the death of plants in the high level of boron [110, 111]. The boron tolerance 
level of various agricultural crops was classified in Table 3.4. There is a small range of 
deficiency and excess of boron which is a beneficial or toxic element for different plants. 
Excessive presence of boron in soil and irrigation water is more difficult to control than 
boron deficiency which is solved by providing fertilizer supplements [112].  
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Fig. 3.10. Functions of boron and its excess in plants. 
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Table 3.4 Relative boron tolerance of agricultural crops [113]. 
Boron tolerance (mg/L) Agricultural crops 
Very sensitive (< 0.5 mg/L) Lemon, blackberry 
Sensitive (0.5 – 0.75 mg/L) Avocado, grapefruit, orange, apricot, peach, 
cherry, plum, persimmon, fig (kadota), grape, 
walnut, pecan, cowpea, onion  
Sensitive (0.75 – 1.0 mg/L) 
 
 
 
Garlic, sweet potato, wheat, barley, sunflower, 
bean (mung), sesame, lupine, strawberry, 
artichoke (jerusalem), bean (kidney), bean 
(lima), groundnut (peanut) 
Moderately sensitive (1.0 – 2.0 
mg/L) 
Pepper (red), pea, carrot, radish, potato, 
cucumber 
Moderately tolerant (2.0 – 4.0 mg/L) Lettuce, cabbage, celery, turnip, bluegrass 
(Kentucky), oats, maize, artichoke, tobacco, 
mustard, clover (sweet), squash, muskmelon 
Tolerant (4.0 – 6.0 mg/L) Sorghum, tomato, alfalfa, vetch (purple), 
parsley, beet (red), sugarbeet 
Very Tolerant (6.0 – 15.0 mg/L) Cotton, asparagus  
 
3.2.3. Effect of boron on human health 
Previous studies in animal and human have reported that boron is a bioactive element 
in the safe intake that impacts positively on central nervous system functions, growth 
and maintenance of bone, prevention of arthritis, metabolism of mineral and hormone, 
cell membrane functions, enzyme reactions and has protective characteristics against 
some kind of cancers [114, 115]. It was noted that deficiency of boron decreased 
absorption of calcium, magnesium and phosphorus [114]. Based on the U.S. Institute of 
Medicine, Food and Nutrition Board, the tolerable upper intake level of boron was 
established at 20 mg/day for adults [116]. The European Union set an upper intake level 
for total boron intake based on body weight that equals about 10 mg/day for adults [117]. 
The World Health Organization (WHO) suggested this value by 0.4 mg/kg body weight 
per day [118]. 
Boron can become poisonous with the overdose and long-term consumption of water 
and food enriching boron amount. While clinical symptoms of acute boron toxicity in 
human comprise nausea, vomiting, diarrhoea, headache, skin rashes and desquamation, 
chronic toxicity involves in cardiovascular, nervous and reproductive systems (Fig. 
3.11) [119-121]. 
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Fig. 3.11. The negative effect of boron on human health. 
3.2.4. Standard of boron in drinking water and wastewater 
The wide utilization of boron compounds in industrial activities results in an 
abundance of boron in water sources. Since a series of environmental and health 
problems have been recorded by boron, the standard of this element was established in 
drinking water, irrigation water and wastewater. The recommended boron concentration 
of the World Health Organization (WHO) in drinking water was set at 0.3 ppm in 1993 
but there were no technologies could achieve this boron level. Therefore, WHO 
guideline increased the boron level to 0.5 ppm in 1998, then revised to 2.4 ppm in 2011 
[122]. Indeed, the value of 2.4 ppm was set due to the data from the USA and UK on 
boron dietary intakes, which is acceptable with a required concentration of human body 
but exceeds the tolerance of crops which are susceptible to boron. For these reasons, 
many countries still apply for their own standard. There are no federal rules of boron 
content in the US, where boron regulations depend on the states varying between 0.6 
and 1.0 ppm. The maximum boron concentration in the European Union, UK, Singapore, 
South Korea and Japan is 1.0 ppm. New Zealand and Israel establish boron 
concentration at 1.4 and 1.5 ppm, respectively. Saudi Arabia is the country obeying the 
WHO guideline. The recommended boron content in Brazil, Canada and Australia is far 
higher than WHO guideline, which makes up 5 ppm, 5 ppm, 4 ppm, respectively [123]. 
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In Japan, the tolerable limits of boron and its compounds are limited less than 230 ppm 
and 10 ppm when the effluent wastewater is discharged by plants, factories or businesses 
to sea area and other than sea area, respectively [57].  
3.3. Removal and regeneration of boron from aqueous solution using various 
boron-selective adsorbents 
3.3.1. Mechanism of boron removal by boron-selective adsorbents 
Numerous separation technologies have applied for the removal and recovery of 
dissolved boron. They can be classified into three main groups i, separation by sorption 
on solids (adsorption method), ii, separation by membrane filtration (membrane method), 
iii, separation by a combination of sorption on solids and membrane filtration (hybrid 
method) [85]. Among these methods, adsorption technique using chelating resins seems 
to be one of the most effective method for boron removal because of the high efficiency, 
simple operation, minimal contact time, and capability of water and wastewater 
treatment with large volume [124]. Chelating resins are the most paramount and 
effective sorbents for boron removal, and their constituents are made up two chief parts 
of macroporous polymer support and functional group. The functional group possess at 
least three functional hydroxyl groups as their ligands. These hydroxyl structure located 
in cis position of resin, called “vis-diols”, which can form very stable complexes with 
boron then immobilized on the resin. This group is not reactive to other elements, 
leading to the high selectivity of boron [125]. N-methyl-D-glucamine (NMDG) is the 
most popular group among various kinds of functional groups. It is a polyol with five 
hydroxyl groups and a tertiary amine ends, providing more complexation site boron. 
Most commercial resins have macroporous polystyrene matrix crosslinked with 
divinylbenzene and graft to NMDG functional group [126]. The available resins in the 
market from different manufacturers are shown in Table 3.5.  
The mechanism of generation and regeneration of borate complexes is given in Fig. 
3.12. In the complexation reaction, tertiary amine plays a crucial role in the 
neutralization of proton released from the process of borate complex formation. The 
borate in the complex can be released by hydrolyse process with the addition of an acid. 
Finally, the resins are regenerated to the original form by the neutralising with a base 
such as sodium hydroxide (NaOH) [124]. 
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Fig. 3.12. Mechanism of generation and regeneration of borate complexes.  
The commercial resins have the challenges of the slow sorption kinetics and the high 
cost of resins and regeneration, all of which decrease the flexibility and unsatisfactory 
performance of boron removal [127]. The hydrophobicity of skeleton structure results 
in the limited surface area which causes the slow kinetics of boron uptake. In fact, the 
hydrophobic backbone structure declines the process of mass transfer. This is attributed 
to the decrease in the capacity of boron removal in aqueous media. Moreover, the 
increase in boron adsorption ability can be conducted by increasing the rate of the 
functional group [128]. Thus, the characteristics of polymer supports and functional 
groups have been modified and optimized, and a large number of alternative boron-
selective resins have been developed to improve the feasibility of boron removal from 
aqueous solution for meeting the stringent wastewater discharge standard. The 
approaches to the development of new boron-selective resins is to focus on the (1) 
modification of polymer backbone by other synthetic and natural polymers, (2) 
utilization of alternative multi-vicinal diol ligand, (3) synthesis of hybrid polymers from 
the integration between organic and inorganic components, and (4) incorporation of 
above approaches. The abundant alternative boron-selective resins/adsorbents can be 
classified into four chief groups such as fiber-based adsorbents, synthetic polymer-based 
adsorbents, natural polymer-based adsorbents, and hybrid organic-inorganic adsorbents. 
Summary of capacity of boron removal by some new and commercial boron selective 
resins is shown in Table 3.6.  
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Table 3.5 List of commonly commercial boron-selective resins. 
Commercial resins Type of resin Matrix structure Manufacturers References 
Diaion CRB03 & 
Diaion CRB05 
Chelating 
 
Mitsubishi Chemical 
Co., Ltd, Japan 
[129] 
     
Purolite D 4123 Chelating 
 
Purolite International 
Ltd., UK 
[130] 
 
 
 
 
Dowex XUS 
43594.00 
Weak base anion 
exchange 
 
Dow Chem., Germany [131, 132] 
     
Dowex 2x8 Strong base anion 
exchange 
 
Dow Chem., Germany [133] 
     
Amberlite IRA 743 Strong base anion 
exchange 
 
Rohm & Haas Co., 
Netherlands 
[134] 
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Table 3.6. Boron adsorption capacity of  some new and commercial boron-selective resins [124].  
Adsorbent Type Polymer support Functional group 
Particle/screen 
size (μm) 
Capacity 
(mg/g) 
Experimental condition 
Sorption 
isotherm 
Sorption 
kinetics 
Amberlite IRA-743 Commercial  Styrene-Divinylbenzene N-methylglucamine 297-840 7.46 
[B0]: 40 mg/L 
Dosage: 1 g/100 mL 
pH: 9.5, T: 30 oC 
Langmuir 
Theoretical 
model 
Dowex XUS 
43594.00 
Commercial Styrene-Divinylbenzene N-methylglucamine 250-1000 3.35 
pH: 8.4 
T: 25 oC 
Langmuir 
Pseudo 
second 
order 
Dowex 2x8 Commercial Styrene-Divinylbenzene 
Benzyl-
dimethylethanolamine 
74-149 36.76 
pH: 9 
T: 25 oC 
Langmuir 
Thomas 
model 
Purolite S 108 Commercial Polystyrence Complex amino 297-1000 6.27 
Dosage: 1 g/500 mL 
pH: 9.0-9.2 
T: 30 oC 
Langmuir 
Pseudo 
second 
order 
Diaion CRB 02 Commercial Polystyrence N-methylglucamine 118-300 7.46 
Dosage: 1 g/50 mL 
pH: 9.0-9.2 
T: 30 oC 
Langmuir 
Pseudo 
second 
order 
D564 Commercial Polystyrence Methylglucamine 250-830 16.43 
Dosage: 1 g/50 mL 
pH: 9 
T: 25 oC 
- 
Pseudo 
second 
order 
Hybrid Gel New 
Gel precursor ((3-
glycidoxypropyl) 
trimethoxysilane + 
Tetraethyl orthosilicate) 
Methylglucamine 250-830 12.43 
Dosage: 1 g/50 mL 
pH: 9 
T: 25 oC 
- 
Pseudo 
second 
order 
Glycidyl 
methacrylate-
modified polymer 
New 
Poly (Glycidyl 
methacrylate-co- 
trimethylolpropane 
trimethacrylate) 
N-methylglucamine 315-800 12.43 
[B0]: 250 mg/L 
Dosage: 1 g/100 mL 
pH: 7.5 
T: 30 oC 
Langmuir  
Glycidyl 
methacrylate-
modified polymer 
New 
Glycidyl methacrylate-
methyl methacrylate-
Divinylbenzene 
Iminodipropylene glycol 210-420 12.97 
[B0]: 40 mg/L 
pH: 6-6.5 
- 
Pseudo 
second 
order 
Glycidyl 
methacrylate-
modified polymer 
New 
Glycidyl methacrylate-
methyl methacrylate-
Divinylbenzene 
N-methylglucamine 110-120 23.24 
[B0]: 23 mg/L 
Dosage: 1 g/30 mL 
-  
Chitosan New Cross-linked chitosan N-methyl- D-glucamine 100-300 22.70 
[B0]: 100 mg/L 
Dosage: 1 g/100 mL 
pH: 6.5 
Langmuir 
Pseudo 
second 
order 
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3.3.2. Classification of boron-selective adsorbents 
1. Fiber-based adsorbents 
In order to improve characteristics of mass transfer, the chelating resin in the various 
fiber forms such as fibers and non-woven fabrics have been investigated for more 
effective boron removal by using radiation-induced graft polymerization technique for 
modification of polymeric material before chemical treatment with NMDG functional 
group. Fig. 3.13 shows a schematic representation of boron-selective adsorbent 
preparation by radiation-induced graft polymerization and immobilization of NMDG 
functional group. 
 
Fig. 3.13. Scheme of boron-selective adsorbent preparation using radiation-induced 
grafting GMA onto non-woven fabrics or fibres and immobilization of NMDG to the 
adsorbent. (Reproduced from [135]) 
Ikeda et al. [135] attached an epoxy-group-containing monomer, glycidyl 
methacrylate (GMA) to a 6-nylon ﬁber by using electron-beam-induced graft 
polymerization. Then NMDG was added to the epoxy group of the grafted polymer 
chain. As the result, the density of NMDG immobilized in nylon fiber amounted to 2.0 
mmol/g, which was 74% of that found in the commercial resin (Diaion CRB05). The 
maximum boron adsorption capacity of nylon-based chelating fibers was 12 mg/g (fiber 
diameter of 55 μm, [B0] = 150 ppm, space velocity 20 h-1, 0.38 g adsorbent/mL bed) in 
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the continuous flow system. The dynamic binding capacity of the chelating fiber-packed 
bed was 2.5-fold higher than Diaion CRB05 bead-packed bed. 
Another kind of boron-selective fibrous adsorbent was studied by grafting GMA onto 
a non-woven PE fiber using radiation-induced grafting technique. After that, the NMDG 
functional group was immobilized in the grafted PE fiber. In the range of pH from 3 to 
8, more than 90% of boron was adsorbed to obtained adsorbent containing 2.4 mmol/g 
of NMDG density ([B0] = 10 ppm, approximately 0.1 g of adsorbent in the square of 1.5 
cm x 1.5 cm/50 mL at 25 oC for 1 h). In the test of the comparison conducted in the 
column mode ([B0] = 10 ppm, pH 7, space velocity 50 h-1), graft adsorbent had 4 times 
higher the bed volume at breakthrough point, and 10 times faster boron adsorption 
capacity than commercial resin (NMDG density 2.2 mmol/g, particle size of 0.8 mm) 
[136]. 
A new boron adsorbent was prepared by radiation-induced grafting of GMA onto PE 
coated PP (PE-PP) non-woven fabric in deoxygenated emulsion solution or solvent of 
butanol to decrease the cost of radiation grafted adsorbents followed by the 
functionalization of NMDG. The study found that the emulsion-mediated grafting was 
effective and economical for the preparation of grafted fibers. In both mediated grafting 
systems including emulsion and solvent (180% degree of grafting), the density of 
NMDG introduced in adsorbent made up 2.2 mmol/g adsorbent, the thermal stability 
remained stable at approximately 260 oC, and the average fiber diameter of 27 μm was 
smaller than the commercial granular resin (Diaion CRB03) with the diameter of 450 
μm. Boron adsorption isotherm and kinetics were carried out in a batch mode ([B0] = 20 
- 200 ppm, pH 6.5, the dosage of 0.5 g adsobent/150 mL solution, stirring speed of 200 
rpm at 30 oC). The result showed that the boron adsorption capacity stood at 18.8 mg/L. 
Besides, the adsorption kinetics was fast, which the adsorption equilibrium of boron 
onto fibrous adsorbent reached after 30 min compared to 60 min for the commercial 
resin [137]. 
2. Synthetic polymer-based adsorbents 
Synthetic polymer-based adsorbents are synthesized by using polymerization or 
copolymerization process to generate precursor, which are subsequently functionalized 
with the vis-diol ligand containing functional hydroxyl group of NMDG or alternative 
multi-vicinal diol. 
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A new resin based on the terpolymer of glycidyl methacrylate (GMA), methyl 
methacrylate (MMA) and divinyl benzene (DVB) in spherical beads were chemically 
functionalized with NMDG [138]. The resin (105-210 μm) showed the high boron 
uptake capacity of 23.24 mg/g ([B0] = 2660 ppm, the dosage of 1 g resin/30 mL solution, 
shaking condition for 6 h), and the exceptional stability without any activity loss. After 
20 times of recycling, boron uptake capacity still stayed at the same level of 23.14 mg/g. 
Another GMA-MMA-DVB terpolymer as the support functionalized with 
iminodipropylene glycol functions instead of NMDG was prepared by B. F. Senkal et. 
al [139]. The resulting beads exhibited the high boron loading capacity of 32.42 mg/g 
([B0] = 5838 ppm, pH = 6-6.5, the dosage of 1 g resin/50 mL solution, shaking condition 
at room temperature for 24 h), fast adsorption kinetics, reasonable regeneration and 
appreciable selectivity. The synthesis process of GMA-MMA-DVB-NMDG resin and 
GMA-MMA-DVB- iminodipropylene glycol is given in Fig. 3.14. 
 
Fig. 3.14. Synthesis of boron-selective resin by polymerization of GMA, MMA, and 
DVB in spherical beads modified with  NMDG and iminodipropylene glycol. 
(Reproduced from [138, 139]) 
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A novel cross-linked branched polyethylenimine (PEI) beads functionalized with 
glucono1,5-D-lactone was synthesized with the high density as boron-chelating group 
(Fig. 3.15) [140]. The spherical resin had boron sorption capacity of 20.87 mg/g and 
high regeneration efficiency by using 1.0 M HCl solution followed by neutralization 
with 0.1 M NaOH solution. 
 
Fig. 3.15. Preparation of PEI resins with boron-chelating groups and mechanism of 
boron coordination with boron-selective resin. (Reproduced from [140]) 
A novel Fe3O4 nanoparticle core-mesoporous silica shell functionalized with glycidol 
reagent was synthesized by M. S. Moorthy et al. [141]. Fig. 3.16 shows the synthesis of 
boron-selective adsorbent. The hybrid nanoparticle showed the high selective-boron 
adsorption event in the existence of metal ions (Ni2+, Cu2+, Cr2+ and Fe2+) and sulphates 
and chlorides of Na+, K+, Ca2+ and Mg2+. Boron adsorption equilibrium could be reached 
within 15-20 min (0.025g/10 mL), and the boron loading capacity was determined at 
25.62 mg/g ([B0] = 100 ppm, pH = 7, 1 g adsorbent/10 mL solution). The magnetic 
nanoparticles could be easily separated from aqueous solution by an external magnetic 
field. The adsorbent could be regenerated up to 7 cycles without significant decrease in 
boron loading capacity and loss of adsorbent. 
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Fig. 3.16. Scheme of hybrid nanoparticle functionalized with glycidol and possible 
bidentate and/or bis-bidentatate complexation of boron with cis-diol group. 
(Reproduced from [141]) 
3. Natural polymer-based adsorbents 
Several natural polymers such as chitosan, cellulose and alginates containing 
abundant amino and hydroxyl groups have been investigated as alternative substrates 
which are modified and functionalized with boron-chelating groups by NMDG group or 
hydroxyl group in polysaccharide. 
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The novel type of crosslinked chitosan resin with NMDG functional group was 
prepared for boron removal. NMDG was chemically fixed to the base polymer (ethylene 
glycol diglycidyl ether (EGDE) crosslinked chitosan) through the support of 
chloromethyl oxirane (Fig. 3.17). The chitosan derivative-NMDG resin exhibited the 
higher boron sorption capacity and faster sorption kinetics than commercial resins and 
resins containing synthetic polymer as base material. The boron sorption capacity was 
22.7 mg/g, and 100 mg/L of boron passed through column within 10 min ([B0] = 100 
ppm, pH 6.5, the dosage of 1 g adsobent/100 mL solution, particle size of 100-300 μm). 
The resin was also effective for boron removal in water samples (tap water, river, 
estuarine and groundwater) [127]. 
 
Fig. 3.17. The synthesis scheme of crosslinked chitosan-NMDG [127]. 
Another new adsorbent based on immobilization of NMDG group to cellulose 
derivatives was studied by Inukai et al. [142]. In the first step, GMA was introduced to 
cellulose fiber and cellulose powder by graft polymerization, and cellulose grafted with 
GMA chains regarded as a polymer support. Subsequently, NMDG functional group 
was chemically bound in the epoxy group of grafted cellulose products (Fig. 3.18). The 
maximum value of boron adsorption capacity of powder cellulose reached 11.9 mg/g 
([B0] = 108 ppm, the dosage of 0.05 g adsorbent/25 mL solution, shaking condition at 
25 oC for 24 h) which had the similar level in saccharide-chitosan resins and commercial 
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polystyrene resin. The boron adsorption equilibrium of cellulose derivatives (1 h) was 
faster than polystyrene resin (5 h) in the range of pH from 8.1 to 8.5. 
 
Fig. 3.18. Preparation of N-methylglucamine-type cellulose derivatives [142]. 
A similar adsorbent of microcrystalline cellulose microspheres (MCM) possessing 
NMDG group was successfully synthesized by S. Liu et al. [143]. In the preparation of 
adsorbent, 4-vinylbenzyl chloride (VBC) was firstly grafted onto the MCM by 
simultaneous grafting polymerization, and then VBC grafted cellulose microsphere was 
functionalized with NMDG (Fig. 3.19). The boron adsorption capacity of resulting 
adsorbent reached to 12.4 mg/g in the wide range of pH between 5 and 8 ([B0] = 30 ppm, 
the dosage of 0.02 g adsobent/20 mL solution, average diameters of 390 μm, stirring 
speed of 230 rpm at 25 oC). While the concentration of NaCl was increased to 40 
mmol/L, the boron uptake raised to 14.1 mg/g, and it remained stable with the addition 
of various chloride salts, which are main salts in seawater with the high concentration. 
Besides, the thermal stability of adsorbent was about 280 oC. The research indicated that 
the NMDG-cellulose microsphere was an effective and inexpensive alternative of bio-
adsorbent for boron removal from saline water. 
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Fig. 3.19. Synthesis of NMDG-cellulose microsphere. (Reproduced from [143]) 
Saccharides modified chitosan resins (SMC resins) were investigated for boron 
removal from boron mining and desulfurizing equipment in the coal-fired steam power 
(Fig. 3.20) [144]. Various saccharides including D-galactose, D-mannose, D-glucose, 
D-xylose, D-ribose and D-arabinose, which containing hydroxyl group are able to form 
the stable complexes with boron, were introducing into chitosan by reductive N-
alkylation. Then the obtained gel was crosslinked by ethylene glycol diglycidyl ether 
(EGDE) for the insolubility in acidic and basic solution. The saturated adsorption 
capacity of boron of SMC resins was from 5.57 to 12.32 mg/g ([B0] = 216 mg/L, 0.05 g 
adsorbent/ 10 mL solution, shaken condition at 25 oC for 48 h). 
Gel formation like an egg box occurs when alginate reacts with divalent cations, 
especially Ca2+. Calcium alginate gel beads having hydroxyl groups can bind boron in 
the solution (Fig. 3.21). The maximum boron removal efficiency was found at 55.14% 
([B0] = 50 ppm using 0.7 g of calcium alginate gel beads/100 mL solution, pH 11, 50 
rpm of shaking speed at room temperature) [145]. 
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Fig. 3.20. Preparation of saccharides modified chitosan resins. (Reproduced from [144]). 
 
Fig. 3.21. The proposal interaction between boric acid and borate with alginate [145]. 
A low-cost natural polymer (tannin) extracted from leaves and barks from plants has 
many hydroxyl groups [146]. The tannin particle was treated by ammonia solution and 
washed with 1 M HCl solution to obtain the gel (Fig. 3.22). The results displayed the 
boron uptake capacity of modified tannin gel (3.43 mg/g) was higher than tannin gel 
(2.48 mg/g) ([B0] = 10-200 ppm, pH = 8.8, 0.1 g gel/50 mL solution, shaking condition 
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at 30 oC for 20 h). It was attributed to the stable coordination bond between boron and 
nitrogen of the amino group in the modified tannin gel (Fig. 3.22). 
 
Fig. 3.22. The chemical structure of tannin molecule (a) and boron adsorption 
mechanisms of tannin gel (b) and modified tannin gel (c) [146].  
Although numerous modified biopolymers with boron-chelating groups have been 
investigated for improving the boron adsorption capacity from the low-cost material, 
there were little studies investigated the mechanical strength as well as the regeneration 
feasibility of the adsorbent.  
4. Hybrid organic-inorganic adsorbents 
H. Demey et al. [147] prepared organic-inorganic composite from chitosan as the 
encapsulating material and nickel (II) hydroxide named [chiNi(II)]. The composite had 
a considerable weight loss at roughly 260 oC. The reaction mechanism of composite and 
boron was shown in Fig. 3.23. The maximum adsorption capacity of [chiNi(II)] was 
found at 61.4 mg/g (0.04 g adsorbent/100 mL solution for 72 h). Five cycles of boron 
recovery were conducted using water pH of 12, and the desorption uptake remained 
higher than 90% in almost of cycles. 
 
Fig. 3.23. The reaction of boric acid, borate and [chiNi(II)] composite [147]. 
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Magnetic chitosan microbeads (MC) was synthesized and chemically modified with 
a glycidol to produce magnetic multi-hydroxyl microbeads (MCG) for boron-selective 
removal [148].  The synthesis procedure of MCG was given in Fig. 3.24. The thermal 
stability of resulting MCG was significantly high when 37.2% of its residue still 
remained after heating up 1000 oC. MCG showed the high selective-boron adsorption in 
the presence of competitive metal ions (Cu2+, Fe3+ and Ni2+) and salts of Mg2+, Ca2+, Na+ 
and K+ ions in the optimized condition. MCG exhibited the high boron removal 
efficiency of 96% as well as boron adsorption capacity of 128. 5 mg/g ([B0] = 100 ppm, 
pH = 7, 0.1 g adsorben/20 mL solution). The adsorption equilibrium of boron onto 
adsorbent was reached after 100 min. Due to the magnetic characteristic, MCG could be 
separated rapidly within 45 s by using an external magnet.  The adsorbent could reuse 7 
times by 0.1 M HCl solution treatment and reactivate by water at pH 9. 
 
Fig. 3.24. Synthesis of multi-hydroxyl functionalized magnetic chitosan microbeads [148].   
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3.4. Conclusion 
The basic chemical properties of boron were introduced in this chapter. The reaction 
of boric acid and borate ions with alcohols, polysaccharide and polyols could form 
various borate complexes due to the multiple hydroxyl functional groups. Owing to the 
multiple hydroxyl groups orients suitable to fit structural parameters for tetrahedral 
boron coordination, strong stable borate complexes will be formed. Most commercial 
resins have macroporous polystyrene matrix crosslinked with divinylbenzene and graft 
to NMDG functional group as the adsorbents for boron removal. The commercial resins 
have the weaknesses of the slow sorption kinetics and the high cost. Therefore, 
alternative boron-selective resins have been developed to improve the characteristics of 
polymer substrates and functional groups have been modified for boron removal from 
aqueous solution. 
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Abstract 
The overdose and long-term accumulation of boron can lead to adverse effects on the 
quality and quantity of crops as well as human health. Boron-selective adsorbents have 
been developed for boron separation from aqueous solution. Owing to the possession of 
vis-diols, they offer an effective interaction with boron. In this research, gluconated 
chitosan particles (GChs) were synthesized by the functionalization of chitosan with D-
(+)- glucono - 1,5 lactone (GL) in the facile process to provide the adsorbents with 
boron-selective sections. The adsorption mechanism of GChs was investigated with a 
batch system. The adsorption equilibrium was reached after 700 min. The maximum 
boron adsorption capacity of GChs was achieved at 5.8 mg/g. The adsorption isotherm 
data were well fitted to Langmuir model (R2 = 0.9993). The adsorption kinetics of boron 
was following the pseudo-second order model. The adsorption process was not 
considerably affected by pH. Due to the slight increase in boron adsorption after the 
addition of NaCl, GChs could be applied for boron removal from saline water or sea 
water. The obtained results apparently indicated that GChs could be the safe and 
affordable adsorbents for the removal of boron from aqueous solution. 
Keywords: boron removal, chitosan, D-(+)- glucono - 1,5 lactone, multi-hydroxyl group, 
adsorption 
 
Fig. 4.1. Illustration of synthesis and boron adsorption of GChs.  
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4.1. Introduction 
As an indispensable micronutrient, boron contributes to the synthesis of the cell wall, 
metabolism and transportation of carbohydrate and the formation of pollen tube [107]. 
This element plays an important role in the quality and yield crop. Nonetheless, the 
abundance of boron in irrigation water leads to the leaves diseases and the decay of 
unripe fruits, especially some plants are sensitive to boron (citrus and blackberry) [113]. 
In addition, boron damages the cardiovascular, nervous and reproduction system in the 
long-term uptake [120, 121]. Therefore, the recommended boron concentration of the 
World Health Organization (WHO) in drinking water was set at 2.4 ppm in 2011 [122]. 
In Japan, the maximum boron concentration in drinking water was established at 1.0 
ppm, and the limitation of boron and its compounds are less than 230 ppm and 10 ppm 
when the wastewater is discharged by plants, factories or businesses to sea area and 
other than sea area, respectively. Thus, the level of boron in wastewater need to control 
in the permissive concentration. 
Numerous methods have been applied for boron removal from water and wastewater, 
such as phytoremediation [149], adsorption [87], reverse osmosis [150], ion exchange 
[151], precipitation [152], coagulation [153], electrocoagulation (EC) [154], 
electrodialysis (ED) [155], Donnan dialysis [156] and hybrid process [157, 158]. Among 
all these methods, adsorption technique using chelating resins has received considerable 
attention for boron removal due to the high efficiency, easy operation and capability of 
application in water and wastewater treatment with large scale [124]. Hydroxyl groups 
located in cis position also called vis-diols provide boron-selective sections for the 
formation of borate complexes. Major commercial resins possess synthetic polymers 
attached to N-methyl- D-glucamine (NMDG) as the functional group, containing vis-
diols. However, these resins have to face the challenges of high cost which decrease the 
application of boron removal in large scale and undegradable characteristic of synthetic 
polymers as the substrate which relates to environmental issues. Thus, the characteristics 
of polymers and functional groups have been modified and optimized, and a large 
number of alternative boron-selective resins have been developed to improve the 
feasibility of boron removal from aqueous solution for meeting the wastewater discharge 
standard and drop the cost of the materials.  
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Chitosan is a copolymer composed of a majority of β (1→ 4) linked 2-amino-2-
deoxy-β-D-glucopyranose (glucosamine or deacetylated unit) and residues β (1→ 4) 
linked 2-acetamido-2-deoxy-β-D-glucopyranose (N-acetyl- D-glucosamine or 
acetylated unit) [159]. Due to availability, abundance, biodegradability, non-toxicity 
and reactivity, chitosan has been extensively applied in agriculture, food industry, 
pharmaceuticals, cosmetic, and waste and water treatment [160]. Chitosan is produced 
commercially by deacetylation of acetyl groups from chitin under the alkaline condition 
at high temperature (above 80 oC) to convert to free amino groups [161]. In the presence 
of reactive sites including hydroxyl groups (-OH) and amino groups (-NH2), chitosan 
can be utilized as an adsorbent for dye and heavy metals removal. After cationization in 
acidic solution, amino groups give a positive charge which can bind with negatively 
charged molecules [162]. Furthermore, chitin is the second most ubiquitous natural 
polymer after cellulose on earth, and it is the principal component in shellfishes such as 
shrimps, prawns, crabs, lobsters, the exoskeleton of insects, and the cell wall of fungi 
[163]. Shellfishes are considered to be the major source of pollution in coastal areas 
[164, 165]. Thus, the large-scale production of chitin and chitosan helps recycle the shell 
wastes from the food industry.   
In this work, gluconated chitosan particles (GChs) were synthesized for boron 
removal. Chitosan was selected for the substrate and functionalized with D-(+)- glucono 
- 1,5 lactone (GL) in the facile process to provide the adsorbents with boron-selective 
sections. Adsorption isotherm and kinetics of boron onto GChs was investigated, and 
the effects of pH and ionic strength were also studied for the properties of boron 
adsorption mechanism. 
4.2. Experimental  
4.2.1. Materials and reagents 
Chitosan and D-(+)- glucono - 1,5 lactone (C6H10O6) were produced from Tokyo 
chemical industry Co., Ltd, Japan. Boron standard solution (1000 ppm), boric acid 
(H3BO3) for preparation of the boron stock solutions containing different boron 
concentration, hydrochloric acid (HCl) and sodium hydroxide (NaOH) used for pH 
adjustment were supplied by Kanto, Japan. Dialysis membrane (14,000 MWCO) was 
purchased from Wako Chemicals USA, Inc. All aqueous solutions were prepared using 
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Mili-Q water (18.25 MΩ.cm) from Direct-Q UV3, Merck Millipore. All other chemicals 
used were analytical grade and used as received without further purification. 
4.2.2. Synthesis of gluconated chitosan (GChs) particles  
GChs were prepared from the chemical modification of chitosan in one step of 
synthesis, as illustrated in Fig. 4.2. Firstly, 5 g of chitosan flakes were dissolved in 500 
mL of acetic acid solution 1% (v,v) at room temperature for 12 h under mechanical 
stirring. Next, GL was added to the solution following the mole ratio of chitosan : 
glucono - 1,5 lactone (1 : 5). The reaction mixture was refluxed by heating in an oil bath 
at 115 oC for 24 h under stirring condition. After the mixture was cool down to room 
temperature, NaOH 1 M was added dropwise to form the precipitates. Then, the mixture 
was centrifuged at 4000 rpm, and the precipitates were collected and dipped in acetone. 
The obtained product was separated by filtration and dried in vacuum overnight. 
Residuals of free acetic acid and unreacted GL were removed by dialysis against Mili-
Q water using dialysis membrane. After the dialysis process was carried out, the 
precipitates in the membrane were immersed in acetone, sonicated for a few minutes. 
The product was collected by filtration and dried completely in the vacuum at room 
temperature. Finally, GChs particles were obtained by crush for homogeneity. 
 
Fig. 4.2. Synthesis of gluconated chitosan derivative. 
4.2.3. Boron adsorption  
1. Adsorption isotherm  
In this experiment, boric acid solution with different boron concentrations varied 
between 10 and 400 ppm. The adsorbent dosage was 0.2 g/20 mL with 10 and 50 ppm 
of initial boron concentration while it was 0.8 g/20 mL with samples of 100, 200 and 
400 ppm. After shaking at 25 oC for 24 h to reach equilibrium, the mixtures were filtered 
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through a Whatman 50 filter paper (Whatman International Ltd., England 2.7 μm 
particle retention) to separate the adsorbent from the aqueous solution.  
2. Adsorption kinetics 
The adsorption kinetics was conducted by dipping 0.8 g of GChs into 20 mL of boric 
acid solution as boron 400 ppm. The mixtures were shaken at 25 oC from 0.5 to 24h; 
afterwards, filtrate samples were collected by filtration.   
3. Effect of pH 
In order to investigate the effects of initial solution pH on boron adsorption of GChs, 
0.8 g of GChs was added to 20 mL of boric acid solution as boron 400 ppm with the 
initial pH from 5.6 to 9.8. Initial pH solution was adjusted by NaOH 0.1 M using pH 
meter (F-52, Horiba, Japan). The samples were shaken at 25 oC for 24 h then filtered 
through filter paper to obtain the filtrate. 
4. Effect of ionic strength 
0.8 g of GChs was dipped to 20 mL of the boric acid solution as boron 400 ppm 
containing NaCl from 0 to 1000 mmol/L. The filtrate samples were collected after the 
mixtures were shaken at 25 oC for 24 h.  
The same procedure was also employed with blank samples for each series of the 
batch experiments. The boron concentration in the filtrate was then analyzed by 
UV/VIS/NIR Spectrophotometer V-570, Jasco, Japan using azomethine-H method. The 
boron determination was conducted at 415 nm wavelength which corresponds to the 
maximum absorbance. The removal efficiency of boron (H) and boron adsorption 
capacity (qe) were determined by the equations. 
100.
0
0
C
CC
H e
−
=    (%)  (4.1) 
V
M
CC
qe .
e0 −=        (mg/g)  (4.2) 
Where C0 and Ce are the initial and equilibrium concentrations of boron (ppm) in the 
solution, respectively, M is the mass of dry adsorbent (g) and V is the volume of sample (L). 
Spectrophotometric methods depend on colourimetric reactions of boron with some 
specific reagents such as curcumin, carmine, and azomethine-H for colour enhancement 
[166]. Azomethine-H method is based on the reaction of azomethine-H (8-hydroxy-1-
(salicylideneamino)-3,6-naphthalenedisulfonic acid, sodium salt) with boron to form an 
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orange boron-azomthine-H complex (Fig. 4.3) [167]. EDTA is used in this method to 
mask copper, iron, and aluminium ions. Azomethine-H is a fast and simple method, and 
in a comparison of curcumin, and carmine methods, it suffers the least interferences and 
is the most sensitive, precise and selective [168]. The optical density of the analyzed 
solution is proportional to the boron concentration in aqueous samples, and the molar 
absorptivity of the complex detected at 415 nm.  
 
Fig. 4.3. Reaction of boric acid and azomethine-H [167]. 
 
Fig. 4.4. Synthesis of GChs particles and boron adsorption experiment. 
4.3. Results and discussion 
4.3.1. Boron adsorption isotherm 
In this study, Langmuir and the Freundlich isotherms models were applied to simulate 
the experimental data of boron adsorption. The Langmuir isotherm model assumes that 
maximum coverage can be attained with monolayer adsorption onto the homogeneous 
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surface of adsorbent that possesses the constant number of the identical energy for all 
adsorption sites. The non-linear form of Langmuir isotherm can be expressed by Eq. 4.3. 
q
e
=
bq
max
Ce
1+bCe
          (4.3) 
Where qe is the amount of adsorbed boron at equilibrium in the solution (mg/g), Ce is 
the equilibrium boron concentration (ppm), qmax is the maximum adsorption capacity 
(saturation value) (mg/g) and b is the Langmuir constant related to energy of adsorption 
(L/mg). The linear form of Langmuir equation is given as: 
Ce
q
e
=
1
bq
max
+
1
q
max
 Ce          (4.4) 
The Freundlich isotherm model was used to describe the assumption of multilayer 
adsorption on heterogeneous surfaces having unequal available sites with different 
energies of adsorption [169]. The non-linear form of Freundlich isotherm is represented 
by Eq. 4.5.  
q
e
=KFCe
1/n            (4.5) 
Where KF and n are the Freundlich constants related to the adsorption capacity and 
the adsorption intensity, respectively. 
The linear form of Freundlich equation is calculated according to Eq. 4.6. 
log q
e
= log K
F
+
1
n
 log C
e
          (4.6) 
The estimation of the non-linear isotherm parameters was carried out by minimizing 
the error values of experimental data and isotherm models by using Solver Add-in of 
Microsoft Excel. The adsorption parameters of Langmuir and Freundlich models and 
correlation coefficient (R2) are listed in Table 4.1. From this table, the maximum boron 
adsorption capacity of GChs was determined at 5.80 mg/g by Langmuir model. The 
correlation coefficient obtained from Langmuir model (R2 = 0.9993) was higher than 
Freundlich model (R2 = 0.8506), implying that the fitting of experimental data and 
Langmuir isotherm model was better than Freundlich isotherm model (Fig. 4.5 and Fig. 
4.6). This finding indicated that the monolayer coverage on the surface of GChs was the 
principal adsorption mechanism.  
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Furthermore, the Langmuir isotherm can be used to predict that if the adsorption of 
boron by GChs is favorable or not, and the dimensionless separation factor of the 
equilibrium parameter, RL is shown by Eq. 4.7. 
RL=
1
1+bC0
          (4.7) 
Where C0 is the initial concentration of boron in the solution (ppm). RL indicates the 
type of the process of boron adsorption to be unfavorable (RL > 1), linear (RL = 1), 
favorable (0 < RL < 1), or irreversible (RL = 0). In this work, the RL values shown in 
Table 4.1 are calculated in the range of 0.071 - 0.7480, which indicated that process of 
boron adsorption on GChs was favorable in the range of boron concentration used in 
this investigation. 
 
Fig. 4.5. Adsorption isotherm of boron on GChs particles by fitting Langmuir and 
Freundlich models (Initial boron concentration 10 - 400 ppm, mass of adsorbent 0.2 g 
in the samples of 10 and 50 and 0.8 g in the samples of 100 to 400 ppm, pH 5.4, V 20 
mL and contact time 24 h). 
Table 4.1. Langmuir and Freundlich isotherm parameters and correlation coefficient at 
25 oC for adsorption of boron by GChs particles. 
qexp 
(mg/g) 
Langmuir model Freundlich model 
qmax 
(mg/g) 
b 
(L/mg) 
R2 RL range KF n R2 
5.31 5.80 0.060 0.9993 0.071 - 0.7480 1.141 3.309 0.8506 
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Fig. 4.6. Langmuir (a) and Freundlich (b) plots for boron adsorption by GChs 
particles. 
4.3.2. Boron adsorption kinetics 
The adsorption kinetic of boron on the GChs was investigated by employing the 
pseudo-first order and pseudo-second order model. The kinetic equation for the pseudo-
first order model was firstly proposed by Lagregan [170]. This model is described as: 
dq
t
dt
 = k1(qe - qt)          (4.8)  
Where qe and qt (mg/g) are the boron uptake at equilibrium and at time t (min), 
respectively, and k1 (g mg-1 min-1) is the rate constant of the pseudo-first order 
adsorption model. Integrating Eq. 4.8 for the boundary conditions t = 0 to t = t and qt = 
0 to qt = qt: 
ln(qe - qt) = lnqe - k1t  (4.9) 
The linear form of Eq. (4.9) is given as: 
y = 0.1727x + 3.0302
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log( q
e
- q
t
)=logq
e
-
k1t
2.303
                   (4.10) 
 
The non-linear form of Eq. 4.9 can be written as: 
qt = qe (1-exp(-k1t)   (4.11) 
The pseudo-second order kinetic model was proposed by Blanchard [171], may be 
expressed as: 
dq
t
(q
e
- q
t
)
2
 = k2dt                                        (4.12) 
Where k2 (g mg-1 min-1) is the rate constant of the pseudo-second order model. 
Integrating Eq. 4.12 for the boundary conditions t = 0 to t = t and qt = 0 to qt = qt: 
1
q
e
- q
t
- 
1
q
e
 = k2t                                        (4.13) 
The linear form of Eq. 4.13 introduced by Ho is given as: 
t
q
t
 =
1
k2qe
2
+ 
t
q
e
                                          (4.14) 
The initial adsorption rate, h (g mg-1 min-1) at t = 0 is expressed as: 
h = k2qe2                                                (4.15) 
The non-linear form of (17) can be written as: 
q
t
=
k2qe
2t
1+k2qet
                                                  (4.16)  
Similar to the calculation of non-linear isotherm parameters, kinetic parameters of 
both models were determined by using Solver Add-in of Microsoft Excel, as 
summarized in Table 4.2. It can be found that the time of boron adsorption to equilibrium 
was 700 min, and the qt values of the experimental data were close to both kinetic models 
(Fig. 4.7). However, the pseudo-second order kinetic model produced a better 
correlation coefficiency (R2 = 0.9933) than the pseudo-first order kinetic model (R2 = 
0.9884) for the adsorption of boron (Fig. 4.8). This result suggested that the kinetics of 
boron adsorption can be represented by pseudo-second order model. Thus, the 
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mechanism of boron adsorption onto the surface of GChs was probably controlled by 
chemisorption process via ion exchange between boron ions and functional groups of 
the adsorbent.  
Table 4.2. Kinetics parameters at 25 oC for adsorption of boron by GChs. 
qexp 
(mg/g) 
Pseudo-first order model Pseudo-second order model 
qe,1 
(mg/g) 
k1 R2 qe,2 
(mg/g) 
k2 R2 
5.31 5.31 0.0054 0.9884 6.15 0.0011 0.9933 
 
Fig. 4.7. Adsorption kinetics of boron on GChs (Initial boron concentration 400 ppm, 
mass of adsorbent 0.8 g, pH 5.6 , V 20 mL and contact time 24 h). 
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Fig. 4.8. Pseudo-first order model (a) and Pseudo-second order model (b) plots for 
boron adsorption by GChs particles. 
4.3.3. Effect of pH  
The influence of pH on the behavior of boron uptake was investigated in the range of 
pH between 5.6 and 8.9. As can be seen from Fig. 4.9, there was no considerable change 
in the boron adsorption in the wide range of pH, and pH values before and after 
adsorption were not substantially different. This finding revealed that the process of 
boron uptake was not dependent on pH solution. Our findings are consistent  with those 
of Ö. Kaftan et al. and S. Liu et al. [143, 172]. 
y = -0.0022x + 0.6628
R² = 0.9884
-3
-2
-1
0
1
0 200 400 600 800 1000 1200 1400 1600
lo
g
(q
t
-
q
e
)
Time (min)
y = 0.1711x + 20.582
R² = 0.9933
0
100
200
300
0 200 400 600 800 1000 1200 1400 1600
t/
q
t
Time (min)
a 
b 
 Simple one-step synthesis of gluconated chitosan for removal of boron 
71 
 
 
Fig. 4.9. Effect of pH on boron adsorption by GChs and final pH (inset) (Initial boron 
concentration 400 ppm, mass of adsorbent 0.8 g, V 20 mL, contact time 24 h). 
4.3.4. Effect of ionic strength 
 
Fig. 4.20. Effect of NaCl concentration on boron adsorption by GChs (Initial boron 
concentration 400 ppm, mass of adsorbent 0.8 g, pH 5.6, V 20 mL, contact time 24 h). 
Fig. 4.20 displays the impact of ionic strength on the adsorption of boron into GChs 
particles. It can be observed that there was a slight increase in boron uptake in the 
presence of NaCl salt (10-1000 mmol/L). Boron adsorption capacity rose gradually from 
4.6 to 4.9 mg/g when the concentration of NaCl increased from 0 to 10 mmol/L, and the 
value of boron adsorption stayed stable in the range of NaCl concentration between 10 
and 40 mmol/L. After this stage, boron uptake grew minimally to 5.1 mg/g and remained 
0
50
100
150
200
250
0
1
2
3
4
5
6
7
5.5 6 6.5 7 7.5 8 8.5 9 9.5 10
C
e
(p
p
m
)
q
e
(m
g
/g
)
Initial pH
qe (mg/g) Ce (ppm)
0
100
200
300
400
0
1
2
3
4
5
6
0 10 20 30 40 50 100 200 500 1000
q
e
(m
g
/g
)
Concentration of NaCl (mmol/L)
qe (mg/g)
Ce (ppm)
0
3
6
9
12
5.5 6 6.5 7 7.5 8 8.5 9 9.5 10
F
in
a
l 
p
H
Initial pH
 Chapter 4 
72 
 
steady with the concentration of NaCl from 50 to 1000 mmol/L. In addition, equilibrium 
boron concentration decreased from 220.98 to 201.76 ppm as NaCl concentration raise 
between 0 and 1000 mmol/L. These results indicated that higher boron adsorption was 
attained in the presence of NaCl; nevertheless, there was no impact on boron uptake at 
high NaCl concentration.  
The possible mechanism of boron adsorption on GChs and the reaction between 
borate complex and NaCl are illustrated in Fig. 21. In aqueous solution, boric acid can 
be easily dissolved in water as a weak Lewis acid to generate tetrahydroxyborate ion 
through the hydrolysis process. The formation of the boron complex between boron ions 
and vis-diol groups relates to the growth of negative charge on the surface of the 
adsorbent. The high concentration of NaCl raising the capacity of boron adsorption is 
possible due to the reduction of the negative charge of the surface areas in the aqueous 
system. However, following this growth, boron adsorption stays at the same level even 
larger amount of NaCl concentration. It is attributed to the balance of electric charges 
on the surface of GChs. The similar reports have been reported for the effect of ionic 
strength in previous studies. Owing to not decreasing the capacity of boron adsorption 
in the appearance of NaCl salt, GChs can be used in the application for boron removal 
from saline water or seawater. 
 
Fig. 4.21. Proposal of borate complex formation and the effect of NaCl on capacity of 
boron adsorption. 
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4.4. Conclusion 
In this study, chitosan-based adsorbent (GChs) containing gluconated groups was 
successfully synthesized in a simple process and applied for boron removal. GChs 
exhibited the maximum adsorption capacity at 5.8 mg/g after 700 min. Moreover, the 
change of pH has not impacted on the capacity of boron adsorption in the wide range of 
pH from 5.6 to 8.9, indicating the pH adjustment is not required for the treatment of 
wastewater contaminated by boron. This finding results in the less use of reagent in the 
boron removal using GChs. There was a slight increase in boron adsorption in the 
presence of NaCl salt; therefore, GChs may be applied for boron removal from saline 
water or seawater. 
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Abstract 
Although chitosan exhibited remarkable properties of biodegradability, non-toxicity, 
macromolecular structure and reactivity, its low porosity limited the capacity of 
adsorption process. In this work, chitosan nanofibers (ChNFs) containing amino groups 
was grafted with D-(+)- glucono - 1,5 lactone (GL) to form gluconated chitosan nano 
fibers (GChNFs) sponge as the novel material for boron removal. The optimal 
conditions for introducing GL into ChNFs were carried out by the batch investigation 
of parameters (the kinds of reactor, reaction time, reaction temperature, the use of acid 
for dissolution of ChNFs and the neutralization by sodium hydroxide). The degree of 
gluconated units (DG%) of GChNFs sponge synthesized in pressure condition at 115 oC 
for 12 h amounted to 48.82%, whereas this value of gluconated chitosan (GChs) 
particles prepared from chitosan flake in reflux condition at 115 oC for 24 h was 13.90%, 
which determined by colloidal titration. In the synthesis process of GChNFs sponge, the 
disappearance of acid for protonating amino groups and sodium hydroxide for the 
formation of particles led to the less use of reagents. The SEM images presented the 
fiber structure in GChNFs sponge which provided the large surface for enhancing the 
mass transfer in boron adsorption. The results of this study showed that ChNFs are the 
promising nanomaterial for green synthesis in the field of boron removal. 
Keywords: chitosan nanofibers, degree of deacetylated units, degree of gluconated units, 
colloidal titration, NMR spectroscopy, green synthesis 
  
Fig. 5.1. SEM images of GChs particles prepared from chitosan flake in reflux at 115 oC 
for 24 h and GChNFs sponge synthesized from ChNFs in pressure at 115 oC for 12 h. 
5 μm 5 μm 
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5.1. Introduction 
Chitosan, a natural polymer, is made from the dominant deacetylated units and 
residue acetylated units. Chitosan is prepared from chitin by deacetylation. In this 
process, acetylated groups of chitin are hydrolyzed and transform to free amino groups 
in the alkaline environment. The degree of deacetylated units (DD%) is affected by the 
concentration of sodium hydroxide, time and temperature [161]. Chitosan has attracted 
tremendous interest due to its outstanding properties such as high adsorption capacity 
for dyes and toxic heavy metals, macromolecular structure, abundance and low cost 
[173]. Containing ample amino and hydroxyl groups, chitosan has been investigated as 
alternative substrate which is modified and functionalized by NMDG group or hydroxyl 
groups. Crosslinked chitosan resin with NMDG functional group was prepared for boron 
removal by Sabarudin et al. [127]. In this research, NMDG group was chemically fixed 
to the base polymer (ethylene glycol diglycidyl ether (EGDE) crosslinked with chitosan) 
through the support of chloromethyl oxirane. In another study, D-galactose, D-mannose, 
D-glucose, D-xylose, D-ribose and D-arabinose, which containing hydroxyl groups were 
introduced into chitosan by reductive N-alkylation. Then the obtained gel was crosslinked 
by EGDE for the insolubility in acidic solution [144]. 
Nevertheless, pH susceptibility has a significant effect on the solubility of chitosan. 
Depending on the pH values, chitosan can dissolve or generate gel. This polymer is not 
soluble in water, alkaline environment and organic solvents due to the hydrogen bonds 
in the repeat units [174]. In contrast, chitosan dissolves in the acidic solutions that 
indicate the use of acids. When chitosan is dissolved in acidic solution, free amino 
groups are protonated and the cationicity of this material is increased. The protonation 
of amino groups resulting in the formation of (NH3)+ enhances the electrostatic 
interaction between chitosan and negatively charged molecules [175]. Chitosan flakes 
and powder exhibit their limitations such as crystalline structure, low porosity, low 
surface area and high hydrophobicity that restricts the mass transfer and the performance 
of the adsorption process. The transformation of chitosan structure from flakes or 
powder to gel such as beads, film or membrane improve the characteristics of the raw 
chitosan [176-178]. These physical modification declines the crystallinity and increases 
the surface area and porosity of chitosan. Besides, the expansion of polymer chains 
contributes to the rises of the activity of functional groups like hydroxyl, free amino 
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groups as well as diffusion mechanism. Firstly, chitosan flakes or powder are dissolved 
in acidic media to generate a chitosan solution. The chitosan beads can be formed by 
dropping the chitosan solution into an alkaline media, and the product is obtained by 
drying. The formation of chitosan membranes and films are carried out by the solution 
casting method. Chitosan solution is poured in flat disk then dried completely. The film 
and membrane are removed from the mould and available to use for further experiment 
or immersed in the alkaline solution to increase the porosity. Since the conservation of 
involved chains and intermolecular interaction, the chitosan films are formed. It is 
attributed to the rise in chitosan concentration leads to the generation of hydrogen bonds 
in the drying activity which plays a vital role in polysaccharide structure [179]. In order 
to solve the brittle character of films or membranes, the introduction of plasticizers is 
essential to enhance their mechanical properties [180]. 
Although chitosan displays excellent properties, the low surface area and low 
porosity in the form of flakes, powder, films and membranes can limit their potential. 
For this reason, chitosan nanofibers (ChNFs) considering to be the promising nano 
biomaterial offers advantages that overcome the drawbacks of the conventional rigid 
porous structure of chitosan. ChNFs provides the larger surface area to volume ratio 
than the material in the nanoparticles. A flexible porous texture in ChNFs is an energetic 
system where the shape and pore size can adjust [181]. Furthermore, characteristics such 
as high porosity, interconnection, small pores size and higher mechanical strength have 
allowed ChNFs to be widely used in food technology (active food packaging, nanofood 
carrier and enzyme immobilization), biomedical application (wound dressings, drug 
delivery, artificial organs, tissue engineering scaffolds) [182-184].  
In this work, gluconated chitosan nanofibers (GChNFs) in the form of sponge were 
synthesized by grafting D-(+)- glucono - 1,5 lactone (GL) into ChNFs. Various 
parameters of reaction time, reaction temperature, pressure, the necessity of the use of 
acid to dissolve ChNFs and reaction solution neutralized or not neutralized by NaOH 
were investigated in order to find the highest degree of gluconated units (DG%). The 
degree of deacetylated units (DD%) and degree of gluconated units (DG%) of samples 
were determined by  1H NMR and colloidal titration. Other characterizations of samples 
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were conducted by Cosy NMR and SEM. Finally, The potential of chitosan nano fibers-
based adsorbent applied for the removal of boron was also discussed. 
5.2. Experimental  
5.2.1. Materials and reagents 
Chitosan flake and D-(+)- glucono - 1,5 lactone (GL) were produced from Tokyo 
chemical industry Co., Ltd, Japan. ChNFs were purchased from Sugino, Japan. N/400 
potassium polyvinyl sulfate solution (N/400 PVSK) was produced from Fujifilm Wako, 
Japan. Dialysis membrane (14,000 MWCO) was purchased from Wako Chemicals USA, 
Inc. All aqueous solutions were prepared using Mili-Q water (18.25 MΩ.cm) from 
Direct-Q UV3, Merck Millipore. All other chemicals used were analytical grade and 
used as received without further purification. 
5.2.2. Synthesis 
1. Synthesis of GChs and GChNFs particles with the addition of acid 
Firstly, 5 g of chitosan flakes were dissolved in 500 mL of acetic acid solution 1% 
(v,v) at room temperature for 12 h under mechanically stirring. Next, GL was added to 
the solution following the mole ratio of chitosan : GL (1 : 5). The reaction mixture was 
refluxed by heating in an oil bath at 115 oC for 24 h with stirring. After the mixture was 
cool down to room temperature, NaOH 1 M solution was added dropwise to form 
precipitates. Then, the mixture was centrifuged at 4000 rpm, and the precipitates were 
collected and dipped in acetone. The obtained product was separated by filtration and 
dried in vacuum overnight. Residuals of free acetic acid and unreacted GL were 
removed by dialysis against Mili-Q water using dialysis membrane. After the dialysis 
process, the precipitates in the membrane were immersed in acetone and sonicated for a 
few minutes. Next, the product was collected by filtration and dried completely in the 
vacuum at room temperature. Finally, GChs particles were obtained by crush for 
homogeneity. The synthesis of GChNFs particles is similar to the above process using 
ChNFs solution 2% (v,v). 
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2. Synthesis of GChNFs particles without acid 
The mixture of ChNFs solution 2% (v,v) and GL with the molar ratio (1 : 5)  was 
refluxed at 115 oC for 24 h in mechanical stirring. The next steps were carried out the 
same as the synthesis of GChNFs particles with the addition of acid. 
3. Synthesis of GChNFs sponge without acid 
a. Synthesis of GChNFs sponge without acid in reflux condition 
ChNFs solution 2% (v,v) and GL with the molar ratio (1 : 5) was refluxed at 115 oC 
for 12 h in the condition of mechanical stirring. The reaction solution was kept cool 
down to the room temperature, and the dialysis against Mili-Q water was carried out to 
remove the residuals of unreacted GL. The dialysed solution was concentrated by 
evaporation, freeze-drying and vacuum-drying to form the sponge. 
b. Synthesis of GChNFs sponge without acid in pressure condition 
The mixture of ChNFs solution 2% (v,v) and GL with the molar ratio (1 : 5) was 
heated in the pressure vessel. Next, the oven was turned off, and the solution was kept 
cool down to the room temperature. Subsequently, unreacted GL was removed by 
dialysis. The product in the form of sponge was obtained after evaporation, freeze-
drying and vacuum-drying.  
In order to find the optimal condition for introducing the gluconated units to ChNFs, 
several parameters were investigated. The reaction time was tested at 4, 8, 12, 24 h at 
115 oC. Afterward, the temperature was examined at 70, 100 and 115 oC for 12 h. The 
synthesis process of GChs and GChNFs is illustrated in Fig. 5.2.   
 
Fig. 5.2. Synthesis of GChs and GChNFs. 
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5.2.3. Characterization of chitosan flake, ChNFs, GChs and GChNFs 
1. Proton nuclear magnetic resonance (1H NMR)   
1H NMR data of samples dissolved in trifluoroacetic acid (CF3COOH) 2% (v,v) with 
the solvent of deuterium oxide (D2O) or only D2O were recorded by JNM-ECZ400S, 
Jeol, Japan. The equipment was operated at 400 MHz with a pulse accumulation of 128 
scans.  
2. Cosy NMR 
Cosy NMR spectra were collected by JNM-ECZ400S, Jeol, Japan, using a pulse 
accumulation of 32 scans. The samples were dissolved in CF3COOH 2% (v,v) solution 
or only D2O solvent. 
3. Determination of the degree of deacetylated units (DD%) of different chitosans and 
degree of gluconated units (DG%) on GChs and GChNFs by colloidal titration and 1H 
NMR methods 
DD%, the mole fraction of deacetylated units in the chain and DG%, the mole fraction 
of gluconated units in the polymer are the most significant characteristics of chitosan 
and chitosan derivatives, which were examined by using colloidal titration and 1H NMR 
methods. In the colloidal titration experiment, 0.1 g of sample and 8.6 mL of acetic acid 
solution 3 M were added to 200 mL volumetric flask, then MiliQ water was filled to 
reach the etched line. The completed dissolved solution was titrated by N/400 PVSK 
solution using toluidine blue as the indicator [185]. The endpoint was obtained when the 
solution changed from blue to purple pink. The titration experiment was performed in 
quintuplicate. DD% was calculated as follows: 
DD(%) = 
d
W - 161d
204
 + d
100       (5.1) 
Where d is the mole of deacetylated unit (mol) and W is the dry weight of sample (g). 
4. SEM analysis 
Sample morphology was examined by field emission scanning electron microscope 
(Hitachi S-4700 FE-SEM, Japan).
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Fig. 5.3. The batch experiments of chitosan derivative and ChNFs derivatives synthesis. 
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5.3. Results and discussion 
5.3.1. 1H NMR and Cosy NMR spectra of samples 
1D NMR and 2D NMR analysis were performed to find out the structure of samples. 
1D NMR offers the information about different kinds of protons but the results are 
sometimes limited because of the overlapping signals. This drawback can deal with 2D 
NMR through the correlation between protons and protons. The 1H NMR spectra of 
chitosan flake, ChNFs, GL, chitosan derivative and ChNFs derivatives are given in Fig. 
5.4 and Fig. 5.5. The highest peak at 4.79 ppm was represented to the solvent 
(CF3COOH in D2O). 1H NMR spectrum of ChNFs in Fig. 5.5b exhibited the overlapping 
signals from 3.68 ppm to 3.84 ppm were corresponded to the protons H3 to H6 of the 
deacetylated units and H2 to H6 of the acetylated units in chitosan backbone 
glucopyranose ring [186, 187]. The proton observed independently at 3.10 ppm and 2.01 
were assigned to the H2 of the deacetylated units and three methyl protons of the 
acetylated units, respectively. Besides, a coupling interaction shown in Fig. 5.7 was 
attributed to the correlation between H2 (D) and H3. The disappearance of H1 (A) and 
H1 (D) spots in diagonal peaks confirmed the overlap of these protons to the solvent 
[188]. The similar results were found for the sample of chitosan flake (Fig. 5.4b and Fig. 
5.6).  
As shown in Fig. 5.5a, the signal at 4.41 ppm was assigned to H7, whereas the signal 
developed at 4.10 ppm was related to H8 of GL. The broad signal from 3.93 to 3.61 ppm 
corresponded to H9 to H11. In the Cosy spectrum of GL, there was a correlation between 
H7 and H8. In addition, H8 was supposed to couple to H9 (Fig. 5.8). 
After functionalizing by GL, the presence of a new signal at 3.93 was attributed to 
H8 in the sample of GChs particles_acetic acid_reflux_NaOH_115 oC_24 h (Fig. 5.4c) 
[189, 190]. The remaining signals of protons H9 - H11 were overlapped with chitosan 
skeleton [191]. From Cosy spectrum in Fig. 5.9, it was assumed that H2 was coupled to 
H3, and H8 was coupled to H9. It was found that the signal at 4.16 ppm and the small 
signal at 4.24 ppm were both coupled to H8, indicating the splitting of H7 by H8. These 
results matched two samples of ChNFs derivatives in the form of particles. However, 
Cosy spectra of GChNFs derivatives in the form of sponge from Fig. 5.5c to Fig. 5.5i 
demonstrated the splitting of H8 proton which was coupled to H9. Furthermore, there 
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was a coupling interaction between H7 and H8, as given in Fig. 5.10 to Fig. 5.12. All 
above results proved that the ring of GL was opened and successfully grafted onto the 
chitosan and ChNFs. 
5.3.2. DD% and DG% of samples 
DD% of samples calculated by using the data provided from 1H NMR spectra was 
presented by Eq. 5.2. The calculation of DG% values was based on (i) the integrals 
corresponding to H2 proton of deacetylated units compared to the integrals 
corresponding to methyl protons of acetylated units for all samples (Eq. 5.3) and (ii) the 
integrals of new peaks compared to the integrals of methyl protons of acetylated units 
(Eq. 5.4). According to the intact peaks, DG% was determined by the integrals 
corresponding to H7 proton of gluconated units compared to the integrals corresponding 
to methyl protons for GChNFs derivatives in the form of sponge or calculated by the 
integrals corresponding to H8 proton of gluconated units compared to the integrals 
corresponding to methyl protons for GChs and GChNFs in form of particles.  
DDD(%)=
{
 
 
 
 
1-
[
 
 
 
 1
3
ICH3
1
6
(IH2-H6(A)
H3-H6(D)
+IH2(D))
]
 
 
 
 
}
 
 
 
 
  100      (5.2)   
DG(%) = DD(%) - DA(%) 
IH2
ICH3
3
        (5.3)   
DG(%) = DA(%) 
IH7 or IH8 
ICH3
3
         (5.4)   
Where 𝐼𝐶𝐻3 , 𝐼𝐻2(𝐷), 𝐼𝐻7 and  𝐼𝐻8 and 𝐼𝐻2−𝐻6(𝐴)
𝐻3−𝐻6(𝐷)
 are the integral intensities of methyl 
protons (acetylated untits), protons connected to C2 (deacetylated units), C7, C8, C2-6 
(acetylated units) and C3-6 (deacetylated units), respectively. 
The results of DD% and DG% determined by 1H NMR and colloidal titration are 
shown in Table 5.1. The DD% of both two kinds of chitosan amounted to approximately 
86.00% by the calculation of 1H NMR, and this value of chitosan flake (84.65%) was 
smaller than ChNFs sample (88.11%) as follow the colloidal titration. It was obvious 
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that the DG% of GChs particles had the lowest level, which made up from 11.74 to 
13.90%. While the DG% of GChNFs particles with the use of acid solution constituted 
between 13.02 and 29.67%, the value of GChNFs particles without using acid increased 
slowly (13.88 to 35.49%) in the same conditions of reflux, reaction temperature and 
reaction time; in contrast, there was a marked rise in the DG% of GChNFs sponge, 
which was between 17.83 and 50.35% although the reaction time reduced a half. These 
results indicated that GL was able to introduce directly into ChNFs solution without acid, 
whereas the form of chitosan solution required the use of acid. Secondly, the DG% of 
GChNFs sponge higher than GChNFs particles was attributed to the surface area of 
GChNFs sponge larger than GChNFs particles, indicating the unnecessary of NaOH 
presence. 
In order to find out the optimal conditions for grafting GL, the reaction was 
investigated in the same pressure at 115 oC with the variety of reaction time from 4 to 
24 h. It was clear that the more reaction time was carried out, the more DG% level was 
obtained, and this value reached the highest level from 27.81 to 52.42% in the sample 
of 24 h. Moreover, the colour changed from yellow (4 h) to brown (12 h) and turned out 
black (24 h) was explained by the chemical reaction between amino groups in chitosan 
and GL at the high temperature which was referred to Maillard reaction [192]. It is worth 
mentioning that the production of antioxidants and antibiotic compounds were found 
after browning reaction [193]. The decomposed compounds were regarded as the cause 
of black solution at 115 oC for 24 h. This confirmed that the new peaks of this sample 
were observed in 1H NMR spectrum (Fig. 5.5f). Therefore, GChNFs sponge synthesized 
in pressure for 12 h was chosen for the further investigation with the different 
temperature at 70, 100 and 115 oC, and the sample tested at 115 oC had the highest level 
(23.47 - 48.22%). Comparing to GChNFs sponge was refluxed at 115 oC for 12 h, this 
sample had the similar DG% following the colloidal titration but its DG% was much 
higher based on 1H NMR. For these reasons, GChNFs sponge prepared by the reaction 
between ChNFs and GL in pressure at 115 oC for 12 h was chosen for the further 
experiment. 
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5.3.3. SEM analysis 
The morphology of the obtained samples was observed by FE-SEM. The images of 
chitosan flakes in Fig. 5.13 displayed the various pieces with a smooth and tight surface, 
whereas ChNFs showed a homogeneous system of fibrous layers (Fig. 5.14). After 
grafting GL into chitosan and ChNFs, GChs and GChNFs particles possessed a much 
porous and rough surface (Fig. 5.15 and Fig. 5.16); however, the fiber structure was 
disappeared and replaced by the porous structure in GChNFs particles with and without 
acid (Fig. 5.16 and Fig. 5.17). In contrast, Fig. 5.18 to Fig. 5.24 showed both GChNFs 
sponge synthesized in the condition of reflux or pressure with freeze-drying still 
sustained the fiber structure. It was suggested that the conversion of chitosan in the acid 
solution to the particles in the presence of sodium hydroxide could enhance the porosity 
of chitosan derivatives. Nevertheless, NaOH solution was able to compress the fiber, 
leading the transformation from fiber to porous structure in the process of precipitate 
formation. All these results were supposed the decrease of DG% in GChNFs particles 
that given in 1H NMR calculation. As shown in Fig. 5.21, the SEM images of GChNFs 
sponge prepared in pressure at 115 oC for 24 h provided several microspheres, indicating 
the decomposed compounds in the synthesis process at high temperature for long 
reaction time. This result was consistent with 1H NMR analysis.  
Chitosan undergoes the drawbacks of low porosity and surface area, resulting in the 
limitation of mass transfer and a decrease in the capacity of adsorption. In order to 
overcome these disadvantages, chitosan has been modified by physical methods in the 
previous researches. Firstly, chitosan flake or powder was dissolved in an acidic solution 
to expand the polymer chain, leading to the activation of functional groups. Next, 
chitosan solution turned to beads, membrane or film with the support of sodium 
hydroxide solution. This physical modification enhanced the porosity, surface area and 
activity of functional groups in chitosan and improved its swelling and diffusion 
characteristics. In our work, ChNFs demonstrates the excellent material owning the 
large surface area with the fiber structure. In particular, acid solution is not required in 
the process of extending the chain in the polymer, and the addition of sodium hydroxide 
in unnecessary to improve the porosity of ChNFs. Physical modification of chitosan 
from the form of flake or powder to nanofibers provide the new method for enhancing 
the properties of chitosan. Furthermore, the synthesis process of GChNFs sponge from 
ChNFs is considered to the green synthesis due to the decrease in the use of reagents. 
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Table 1 Characteristics of chitosan, ChNFs, chitosan derivative and ChNFs derivatives. 
Sample 
1H NMR Colloidal titration Solubility (3) 
DD 
(%) 
DG (%) 
(H2:CH3) 
DG (%) 
(H7:CH3) 
or (H8:CH3) 
DD 
(%) 
DG 
(%) 
HCl  
0.1 M 
 
Boric 
solution 
(4) 
Water 
Borax 
solution 
(5) 
Chitosan flake 86.02   84.65 ± 0.63      
ChNFs 85.98   88.11 ± 0.45      
GChs particles_acetic acid_reflux_NaOH_115 oC_24 h  11.74 13.46 (1)  
13.90 ± 
0.29 
+ - - - o 
GChNFs particles_acetic acid_reflux_NaOH_115 oC_24 h  14.05 13.02 (1)  
29.67 ± 
0.33 
+ - - - o 
GChNFs particles_no acid_reflux_NaOH_115 oC_24 h  13.88 17.51 (1)  
35.49 ± 
0.41 
+ - - - o 
GChNFs sponge_no acid_pressure_freeze drying_115 oC_4 h  13.00 10.88 (2)  
40.91 ± 
0.29 
+ + + + 
GChNFs sponge_no acid_pressure_freeze drying_115 oC_8 h  14.81 20.82 (2)  
44.37 ± 
0.26 
+ + + + 
GChNFs sponge_no acid_pressure_freeze drying_115 oC_12 h   27.40 23.47 (2)  
48.82 ± 
0.26 
+ + + + 
GChNFs sponge_no acid_pressure_freeze drying_115 oC_24 h   35.55 27.81 (2)  
52.42 ± 
0.29 
+ + + + 
GChNFs sponge_no acid_pressure_freeze drying_70 oC_12 h   15.37 1.72 (2)  
36.63 ± 
0.33 
+ + + + 
GChNFs sponge_no acid_pressure_freeze drying_100 oC_12 h  18.69 16.56 (2)  
49.98 ± 
0.25 
+ + + + 
GChNFs sponge_no acid_reflux_freeze drying_115 oC_12 h  18.02 17.83 (2)  
50.35 ± 
0.25 
+ + + + 
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(1) DG% values were calculated from the integrals corresponding to H8 proton of gluconated units compared to the integrals corresponding 
to methyl protons of acetylated units. 
(2) DG% values were calculated from the integrals corresponding to H7 proton of gluconated units compared to the integrals corresponding 
to methyl protons of acetylated units. 
(3) “-”: represents soluble, “+”: represents insoluble and “o”: represents swelling. 
(4) Boric acid solution as B 400 ppm (pH 5.57) 
(5) Borate solution as B 400 ppm (pH 9.27) 
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Fig. 5.4 1H NMR spectra of CF3COOH 2% (v,v) (a), chitosan flake (b), chitosan derivative (c) and ChNFs derivatives (d) - (e) with the 
neutralization of NaOH 1M. Sample (b) to sample (e) were dissolved in CF3COOH 2% (v,v) solution. 
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Fig. 5.5. 1H NMR spectra of GL (a), ChNFs (b) and GChNFs derivatives (c) - (i). 
Sample (a) and sample (c) to sample (i) were dissolved in D2O. Sample (b) was 
dissolved in CF3COOH 2% (v,v) solution. 
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Fig. 5.6. Cosy NMR spectrum of chitosan flake. 
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Fig. 5.7. Cosy NMR spectrum of ChNFs. 
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Fig. 5.8. Cosy NMR spectrum of GL. 
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Fig. 5.9. Cosy NMR spectrum of GChs particles_acetic acid_reflux_NaOH_115 oC_24 h. 
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Fig. 5.10. Cosy NMR spectrum of GChNFs sponge_no acid_pressure_freeze drying_100 oC_12 h. 
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Fig. 5.11. Cosy NMR spectrum of GChNFs sponge_no acid_pressure_freeze drying_115 oC_12 h. 
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Fig. 5.12. Cosy NMR spectrum of GChNFs sponge_no acid_reflux_freeze drying_115 oC_12 h. 
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Fig. 5.13. SEM images of chitosan flake. 
 
   
Fig. 5.14. SEM images of ChNFs sponge after freeze drying. 
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50 μm 5 μm 200 μm 
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Fig. 5.15. SEM images of GChs particles_acetic acid_reflux_NaOH_115 oC_24 h. 
 
   
Fig. 5.16. SEM images of GChNFs particles_acetic acid_reflux_NaOH_115 oC_24 h. 
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Fig. 5.17. SEM images of GChNFs particles_no acid_reflux_NaOH_115 oC_24 h 
 
   
Fig. 5.18. SEM images of GChNFs sponge_no acid_pressure_freeze drying_115 oC_4 h. 
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Fig. 5.19. SEM images of GChNFs sponge_no acid_pressure_freeze drying_115 oC_8 h 
 
   
Fig. 5.20. SEM images of GChNFs sponge_no acid_pressure_freeze drying_115 oC_12 h 
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Fig. 5.21. SEM images of GChNFs sponge_no acid_pressure_freeze drying_115 oC_24 h. 
 
   
Fig. 5.22. SEM images of GChNFs sponge_no acid_pressure_freeze drying_70 oC_12 h 
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Fig. 5.23. SEM images of GChNFs sponge_no acid_pressure_freeze drying_100 oC_12 h 
 
   
Fig. 5.24. SEM images of GChNFs GChNFs sponge_no acid_reflux_freeze drying_115 oC_12 h.
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5.4. Conclusion 
ChNFs were successfully functionalized with GL to develop the novel material with 
the high content of vis-diols for enhanced boron removal. GChNFs sponge prepared in 
pressure condition at 115 oC for 12 h had the DG% determined by colloidal titration 3.5 
times higher than GChs particles prepared from chitosan flake in reflux condition at 115 
oC for 24 h. ChNFs was able to react directly with GL without using acid, and the 
products were obtained with the absence of sodium hydroxide. SEM images showed the 
fiber structure in GChNFs, providing the large surface for enhanced boron adsorption. 
The great performance of ChNFs in the increase in surface area of adsorbent, the 
decrease in the use of reagents and the simple synthesis process offered the promising 
material for the development of an eco-friendly method for boron removal. 
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This work can be divided into two separate parts. The first part of the study focused on 
the removal of phosphate from aqueous solution using natural dietary fibers and 
minerals. In the second part, green synthesis and characterization of the novel multi-
hydroxyl functionalized chitosan and chitosan nanofibers for removal of boron were 
investigated. This chapter will discuss more detail in the principal outcomes, their 
applications and perspective for future study. 
Removal of phosphate from aqueous solution using natural dietary fibers and 
minerals (Chapter 1 to 2) 
In chapter 1, the general introduction of phosphorus and its removal processes was 
discussed. The excess of phosphate cause eutrophication that harms aquatic ecosystem 
functions and human health. In contrast, the decline in the reserve of phosphate ore and 
rock results in the shortage of fertilizer production and food supply in the future. The 
review of methods for phosphorus element removal and their advantages and 
disadvantages in the recovery the products for fertilizer production was presented. 
In chapter 2, phosphate removal using calcium oxide (CaO) and calcium hydroxide 
Ca(OH)2, the dominant compounds in calcined shells were investigated. The precipitates 
formed after the reaction between CaO or Ca(OH)2 and phosphate solution at 50 mg/L 
could pass through the 2.7 μm filter paper by filtration. Due to the addition of flocculants 
of alginic acid: NaHCO3: CaCl2.2H2O with the weight ratio 1: 0.3: 0.02, the phosphate 
removal rate of samples filtered through 2.7 μm filter paper increased rapidly from 20 
to 97%, and this removal rate was similar to the samples filtered via 0.2 μm membrane 
filter without flocculants which reach the highest level at 99%. The results suggest that 
the non-toxic flocculants of alginic, NaHCO3 and CaCl2.2H2O are effective for 
phosphate removal from 20 to 120 mg/L. Moreover, hydroxylapatite Ca10(PO4)6(OH)2 
generated after precipitation can be applied as the fertilizer for agricultural activities.  
Further study is needed to investigate the capacity of the phosphate removal of using 
the real calcined shells from egg, crab or mussel with the addition of flocculants, and 
the phosphate solution can be collected from wastewater.  
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Green synthesis and characterization of the novel multi-hydroxyl functionalized 
chitosan and chitosan nanofibers for removal of boron (Chapter 3 to 5) 
In chapter 3, the general introduction of boron and its removal processes was 
discussed. The commercial applications of boron and its compounds lead to the high 
boron concentration in wastewater. When boron amount is higher than the demand, 
boron toxicity on crops and human being have been recorded. The strong stable borate 
complexes are formed by the interaction of boric acid or borate ion with alcohols, 
polysaccharide and polyols containing multiple hydroxyl functional groups in the cis 
position (vis-diols). Commercial boron-selective adsorbents and their improvement 
versions have been reported by the numerous previous researches. The review of boron 
removal by various boron-selective adsorbents and their strengths and drawbacks was 
discussed. 
In chapter 4, GChs were successfully modified by the functionalization of chitosan 
with GL in the simple process to provide the adsorbents with boron-selective sections 
for boron removal. The maximum boron adsorption capacity of GChs amounted to 5.8 
mg/g after 700 min. The adsorption isotherm data were well fitted to Langmuir model 
(R2 = 0.9993). The adsorption kinetics of boron was following the pseudo-second order 
model. The adsorption process was not considerably affected by pH wide range from 
5.6 to 8.9, implying the pH adjustment is not required for the treatment of wastewater 
contaminated by boron. This finding confirms the reduction in chemical use in the boron 
removal using GChs. Due to the slight increase in boron adsorption after the addition of 
NaCl, GChs could be applied for boron removal from saline water or sea water. The 
achieved results revealed that GChs could be the non-toxic and affordable adsorbents 
for the removal of boron from aqueous solution. 
In chapter 5, the novel GChNFs were successfully synthesized with GL with the high 
content of vis-diols for enhanced boron removal. GChNFs sponge prepared in pressure 
condition at 115 oC for 12 h had the DG% determined by colloidal titration 3.5 times 
higher than GChs particles prepared from chitosan flake in reflux condition at 115 oC 
for 24 h. In the process of GChNFs synthesis, the disappearance of the acidic solution 
for protonating amino groups and sodium hydroxide for the formation of particles 
resulted in the less use of reagents. The SEM images showed the fiber structure in 
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GChNFs which provided the large surface for enhancing the mass transfer in boron 
adsorption. The excellent performance of ChNFs in the rise in the surface area of 
adsorbent, the decrease in the use of chemicals and the facile synthesis process offered 
the promising material for the development of an eco-friendly method for boron removal. 
For the next research, the investigation of boron adsorption behaviour of GChNF is 
going to carry out to strongly confirm the outstanding characteristics of this adsorbent 
comparing to GChs.  
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